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One hypothesis that couples infection with autoimmune disease is 
molecular mimicry. Molecular mimicry is characterized by an im- 
mune response to an environmental agent that cross-reacts with a 
host antigen, resulting in disease 1 2 . This hypothesis has been impli- 
cated in the pathogenesis of diabetes, lupus and multiple sclerosis 
(MS) 1 " 1 . There is limited direct evidence linking causative agents 
with pathogenic immune reactions in these diseases. Our study es- 
tablishes a clear link between viral infection, autoimmunity and 
neurological disease in humans. As a model for molecular mimicry, 
we studied patients with human T-rymphotropic virus type 1 
(HTLV-l)-associated myelopathy /tropical spastic paraparesis 
(HAM/TSP), a disease that can be indistinguishable from MS (refs. 
5-7). HAM/TSP patients develop antibodies to neurons 8 . We hy- 
pothesized these antibodies would identify a central nervous sys- 
tem (CNS) autoantigen. Immunoglobulin G isolated from 
HAM/TSP patients identified heterogeneous nuclear ribonuclear 
protein-A) (hnRNP-A 1) as the autoantigen. Antibodies to hnRNP- 
A1 cross-reacted with HTLV-l-tax, the immune response to which is 
associated with HAM/TSP (refs. 5,9). Immunoglobulin G specifi- 
cally stained human Betz cells, whose axons are preferentially dam- 
aged 7 . Infusion of autoantibodies in brain sections inhibited 
neuronal firing, indicative of their pathogenic nature. These data 
demonstrate the importance of molecular mimicry between an in- 
fecting agent and hnRNP-Al in autoimmune disease of the CNS. 

To test for molecular mimicry between an environmental agent and 
the central nervous system (CNS), we isolated immunoglobulin G 
(IgG) from the serum of patients with human T-lvmphorropic virus 
type 1 (HTLV-l)-associated myelopathv/tropjcal spastic paraparesis 
(HAM/TSP) and tested it for reactivity with human tissues (Fig. \a). 
There was intense staining of neurons in brain and no staining of 
glia, dorsal root ganglion (peripheral nervous system) or svstemic 
organs. A monoclonal antibody to HTLV-l-tax (tax mAb) mimicked 
IgG staining of neurons. To identify the protein, cortical neurons 
were isolated, proteins extracted and subjected to SDS-PAGE and 
westem-blot analysis. The IgG recognized a band of approximately 
33 kD (Fig. \b), whereas IgG isolated from controls did not. 
Importantly, the tax mAb that stained CNS neurons reacted with 
the antigen. All patients with I IAM/TSP (13/13) developed antibod- 
ies recognizing the neuronal antigen". Nine of ten HT1 A'- 1 -seropos- 
itive patients without neurological symptoms and 12 
HTLV-l-seronegative controls showed no reactivity (P < 0.0001 ver- 



sus HAM/TSP)*. Clinically, the HAM/TSP patients presented with 
progressive neurological disease in which corticospinal tract dam- 
age (weakness, spasticity and pathological reflexes) predominated". 
Many of our patients were originally diagnosed with MS. In fact, 
one of our patients was diagnosed with MS for 20 years before 
HTLV-1 testing 1 ". 

To establish a direct link between the immune response to I H I V- 
1 and the neurological disease, we purified the proteins recognized 
by the immune sera. Neuronal proteins were extracted under high 
salt conditions, separated bv centrifugation and subjected to 
SDS-PAGF followed bv western-blot analysis. Under these condi- 
tions, HAMAPSP IgG reacted with an antigen of 38 kD (Fig. \c). 
Thus, depending on the extraction conditions, either a 33- or 3S-kD 
autoantigen was recognized. Subsequently, the su|>ernatant was 
subjected to two-dimensional (2-P) gel electrophoresis followed by 
western blot. 1 1AM/T*SP IgG was immunoreactive with proteins at a 
molecular weight of 33 and 38 kl) and a pi of 9.3 (fig. \d). The pro 
teins were dissected from 2-1) gels, digested with trypsin and ana- 
lyzed by matrix-assisted laser desorption ionization mass 
spectroscopy . The molecular weights of the tryptic (K'ptides 
aligned with hnRNP-Al and Al h . Approximately 93% of the molec- 
ular weights matched these proteins with probability scores as high 
as 3.13 x 10* (data not shown). Heterogeneous nuclear ribonuclear 
protein-Al {hnRNP-Al ) and AT are identical except for an addi- 
tional 50 amino acids in hnRNP-Al. There were no matches with 
this unique sequence of hnRNP-Al . These data strongly suggest that 
HAM/TNP patients had autoimmunity to a common epitope in 
hnRNP-A 1 and A 1 The calculated molecular weight and pi of these 
proteins approximate what we found bv western blot (Al = 38.8, 
AT - 34.2, pi = 9.3). To prove that the immunoreactivity was spe- 
cific for hnRNP-Al, we cloned and expressed recombinant hnRNP- 
Al (rhnRNP-Al) from human brain. HAM/TSP IgG reacted with 
rhnRNP-Al and the neuronal extract at an identical molecular 
weight {Fig. 2a). Pre-incubation of HAM^FSP IgG with rhnRNP-Al 
abolished immunoreactivirv of the western blots (Fig. 2b and c). 
This confirms that the protein dissected from the geJ was the same 
protein identified by western blot and that the neuronal antigen 
recognized bv HAM/TSP IgG is hnRNP-Al. IgG isolated from the 
cerebrospinal fluid (CSF) and brain of a HAM/TNP patient reacted 
with hnRNP-Al (Fig. 2d). These data indicate that there is IgG spe- 
cific for hnRNP-Al mtrathecally and within the brain parenchyma 
of HAM/TSP patients. Finally, the tax mAb that was immunoreac- 
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Fig. 1 Specificity of HAM/TSP IgG for CNS neurons and isolation of the neuronal anugen. a, 
Immunohistochemtstry of human tissues. Btotinylated HAM TSP IgG stained CNS neurons 
(cortex, brown reaction product) (scale bar, 100 (im). There was no staining of glia (arrow- 
head), dorsal root ganglion or systemic organs. A tax mAb mimicked HAM TSP IgG staining in- 
dicated by the red stain. Neurofilament (gray) confirmed localization of tax mAb to neurons b, 
Western blots of proteins derived from CNS neurons. HAM, TSP IgG showed an intense signal 
at 3 3 kD (lane 1 ). There was no reactivity using IgG isolated from HTLV- 1 seronegative (lane 2) 
or HTLV-1 seropositive, neurologically asymptomatic individuals (lane 3) The tax mAb recog 
nized the 33-kD neuronal antigen (lane 4). c. Purification and western blots of the neuronal 
protein following high salt extraction and centnfugation. Molecular weight markers (lane 1 ), 
precipitate (lane 2) and supernatant (lane 3). HAM, TSP IgG reacted with the supernatant (lane 
3), but not the precipitate (lane 2). d, 2-D gel electrophoresis and western blot of the neuronal 
protein purified from the supernatant. Coomassie stain of gel (left) Western blot ot the neu- 
ronal extract (right), HAM/TSP IgG reacted at 33-38 kD, pi - 9.3 (arrow). 
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five with neurons reacted with hnRNP-Al (Fig. 2c), suggesting mol- 
ecular mimicry between the epitope recognized by the mAb and 
hnRNP-Al. The epitope specificity- of the mAb includes the f '-termi- 
nus of tax {tax 1 ^*") (M.C.L., personal communication) which is co- 
incident with the immunodominant epitope in 1 IAM/TSP patients'. 
Database analysis showed no exact match between tax ^ 
(KHFRETEV) and hnRNP-Al. Molecular mimicry due to immuno- 
logic doss-reactivity as shown by these and other data mav have in- 
creased biological significance compared with mimics defined bv 
primary sequences 1 "'. Importantly, all of the HAM/TSP patients and 
none of the iriTV-l-seronegative patients reacted with rhnRNP-Al 
(Fig. 2/). 

The hnRNPs are a group of approximately 30 nuclear nonproteins 
associated with systemic, but not neurological, autoimmune dis- 
eases. Autoantibodies against hnRNP-Al and A2/B1 have been 
found in patients with lupus, mixed connective tissue disease and 
rheumatoid arthritis 2 . hnRNP-Al is critical to transport of mRNA 



from the nucleus to the cvtoplasm and cellular processes ' \ In the 
CNS, hnRNP-Al shows greater expression in neurons compared 
with glia'. We hv|iothesi/ed that hnRNP-Al would Ix 1 highly ex- 
pressed in large cells of the ( NS in which efficient transjxjrt of 
mRNA is critical, such as pyramidal neurons of the precentral gyrus, 
including Betz cells. 'Hi est 1 motor neurons control movement and 
their axons comprise most of the corticospinal tract. Bet/ cells are 
the largest neurons in the human CNS with cell bodies that are 
(>0- 120 urn in height and axons up to a meter lon^ . To detenu ine 
if these cells preferentially bound 1 IAM/INP autoantibodies, we sejv 
arated neurons of the precentral gyrus from other areas of brain { I ig. 
3). Trypan blue staining confirmed the presence of pyramidal and 
Bet/, cells m the p re-central gyrus and cortical neurons in the pari- 
etal-occipital lobe (Fig. .iii and d). All cells stained with neurofila- 
ment, indicating there was no contamination bv non-neuronal 
ceils (1 ig. 'Sd, inset). Western blots ot pre-central gvnis neurons in- 
cluding Betz cells, in contrast to smaller cortical neurons, showed 
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an intense signal with HAM7TSP IgG (Fig. 3b and c). "This correlated 
with immunohistochemical staining (Fig. 3c and f). These data sug- 
gest that HAM/TSP IgG is specific for neurons of the corticospinal 
tract, the major target of neurological dysfunction in HAM/TSP. 

We have determined that HAM/TSP patients develop antibodies 
to CNS neurons that cross-react with HTLV-l-tax. The neuronal 
autoantigen is hnRNP-Al. The distribution of hnRNP-Al in the 
CNS corresponds to structures affected in HAMAPSr. These data es- 
tablish a strong relationship between the autoimmune response 
and the neurological disease. To provide further proof that the au- 
toimmune reaction contributes to the neurological disease, we 
used patch-clamp studies to test the ability of autoantibody to alter 
neuronal function. Here, we studied individual neurons in rat 
brain sections that maintain interactions with other neurons and 
non-neuronal cells '\ Infusion into the extracellular space with 
HAM/TSP IgG {at concentrations of IgG in human CSF) completely 
inhibited neuronal firing {Fig. 3g). HAM/'PSP IgG localized only to 
the neuronal cytoplasm, suggesting that IgG entered the cell, 
bound hnRNP-Al and resulted in decreased neuronal firing. A 
monospecific antibody against hnRNP-Al purified from HAM/TSP 
patients replicated this response. These data are consistent with 
HAM/TSP IgG being biologicallv active and pathogenic Infusion 
of IgG from normal individuals showed no change in neuronal fir- 
ing (Fig. 3/7). Importantly, inhibition was reproduced by the infu- 
sion of tax mAb (Fig. 3/), suggesting that biological activity is 
dependent upon an immunodominant cross-reactive epitope be- 
tween HTLV-l-tax and hnRNP-Al. 



How CNS damage develops in HAM/TSP is incompletely under* 
stood It does not seem to result from direct infection with H H \ - 1 
but infection asvxriatcd with an autoimmune mechanism Hie im- 
mune response to tax differentiates patients with 1 1 AM 'I SI 1 from 
controls' 0 . Specifically. HAM/TSP patients develop a CPS' cvtotoxu 
T-lvmphocvte (CTL) response specific tor the N terminus of H H V- 
1-tax (tax u associated with human leu kocvte antigen- -vrr and an 
antibody response to its C terminus {tax 1 " ,S T Viral load mav be 
important in stimulating these responses since HAM "IM 1 patients 
have elevated viral loads of tax °. In addition to tax. antiKxlies from 
HTLV-1 infected patients react with several intracellular autoann- 
gens^. These data suggest that a cross-reactive immune res|xinse be- 
tween HTLY-l-ta\ and a CNS autoantigen mav exist and ton tribute 
to the pathogenesis of HAM/FNP. Until now. a ^x-vitk t NS au- 
toantigen that mav act as a target for cellular or antibod\ -mediated 
autoimmune responses had not been identified in HAM TSP pa- 
tients. 

How antibodies enter the CNS and bind to intracellular antigens 
such as neuronal hnRNP-Al in autoimmune diseases such as 
HAM/I'SP and MS is not clear. Data indicate that IgC r has a signifi- 
cant role in the pathogenesis of these diseases' v " . In 1 1 AM ISP. pa- 
tients are infected with HTLY-1, which is tropic tor CP-P 
'1 -lymphoevtes . Infection of COT T-lvmphocvtes results in their 
activation and may allow them to cross the bhxxl- brain barrier 
(UBB)" -\ Interaction of these cells with the f .NS results in cytokine 
expression, adhesion molecule and receptor upregulation. and met- 
al loproteinase secretion" : \ These events are associated with disni[v 
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Fig. 2 Immunoreactivity of HAM/TSP IgC with the neuronal extract ana 
hnRNP-Al a, Lett panel, Coomassie staining; right panel, HAV'^SP IqC im 
munoreactivity by western blot. Neuronal extract (lane 1), molecular weight 
markers (lane 2) and rhnRNP-AI (lane 3). rhnRNP A1 is identified as a 38 kD 
band that is recognized by HAM/TSP IgC (right panel, third lane) and corre- 
sponds to an immunoreactive bana in the neuronal extract (nqh; panel, lane 
1 ). b, Reactivity by western blot following 2-D gel electrophoresis ot neuronal 
extract is adsorbed by pre incubation with rhnRNP-A1 Immunoreactivity of 
HAM/TSP IgG with neuronal proteins (top panel) was adsorbed by preincu- 
bation with rhnRNP-AI (bottom panel, arrows) There was immunoreactivity 



to other neuronal proteins that did not adsorb with rhnRNP Al (arrowheads) 
M molecular weight markers; N, neurons, Al , rhnRNP Al c. Pre inc uhahon of 
HAM/TSP IqC with 0, 0.1 and 1 0 \\q rhnRNP Al followed by western blot ot 
the neuronal extract demonstrated concentration dependent adsorption of 
immunoreactrvity rf, IqC purified from the CSF and CNS ot a patient with 
HAV' ~SP reacted with neurons and rtinRNP Al e, - he tax mAb rear led with 
neurons and rhnRNP-AI. f. Screening ot patient .era demonstrated 10/10 
HAM-SP patients (numbers ?, 3, S-7. 10 and 12-14) and 0/10 MT| V 1 
seronegative controls (1,4,8, 11 and 1 S-20) reac ted with rhnRNP Al *, pa 
tient 1 3 was used as a positive control for the assay that tested patients 1 5-20 
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Fig. 3 Target specificity and biologic 
activity of HAM/TSP IgC. a~f t CNS 
neurons were isolated from the pre- 
central gyrus (o-c) and posterior pari- 
etal-occipital cortex (d~f). a and d, « 
Trypan blue staining confirmed the 
presence of large pyramidal neurons 
and Bet2 cells (a) compared with typi- 
cal cortical neurons (d). All cells 
stained with neurofilament (d, inset), b 
and e, Coomassie staining and western 
blots of neuronal proteins. There was 

an intense HAM/TSP IgG signal from 

pyramidal neurons derived from the 0 : ' 1 ^ 

pre-central gyrus that included Betz 
cells (b), compared with parietal oc- 
cipital cortex (e) . Coomasste staining shows comparable protein loading, c 
and /, Immunchistcchemistry of the pre-central gyrus ct human motor cor- 
tex and of the parietal-occipital cortex, c, A Betz cell is shown surrounded 
by pyramidal neurons Staining is present throughout the cytoplasm and 
extends into neuronal processes (arrow). /, Staining is less intense in pan 
etal-occipital cortex, g-i, Patch clamp recording of neuron? in rat hram fol- 
lowing extracellular infusion of antibodies (normal CSF - red) g. Left, 

tion of the BBB after which CTLs and antibodies against tax m ax- 
enter the CNS frefs. 5-9 1. Tax-specific antibodies mav hone to and 
enter corticospinal neurons that express high levels of hnRNP-Al. 
Antibodies can disrupt neuronal function, as suggested bv this and 
other studies 1,1 . 

Our data show that there is molecular mimicry between 1 I I I A -1 
and neuronal hnRNP-Al. This mimicry is likely to be significantly 
involved in the pathogenesis of HAM/TSP. The data establish a clear 
Jink between chronic viral infection, autoimmunity and neurologi- 
cal disease in humans. Recently, investigators have shown that 
hnRNP-A2, a ribonudeoprotein with significant homology to 
hnRNP-Al. has a critical role m the transport of mvelin bask pro- 
tein (MbT) mRNA to the processes of ohgodendnx vtes . Manv 
studies implicate molecular mimicry involving MBP in the patho- 
genesis of MS (refs. Future studies mav find that cellular and 
humoral autoimmunity to hnRNP-A complexes are involved in the 
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Physiological rout entratiom of I IAN' ■ SP Un, (S, 1 (\ IS .md iki 'ml, re- 
spectively ) decreased neuronal firing without attectinq calcium {data no: 
shown) HAM/TSP IqG localised to the cytoplasm of neurons (inset) Right, 
Experiments were rephcateo using the monospecific antibody to hnRNP A1 
(5 and 10 uq.'mt, respectively) h. Application ot normal IqG {10 Mq.'ml; 
qreen} .howed no dowinn to neuron. a tiring , The tax mAlui^f tkh^i f 1Q 
Mg'ml; green), then completely inhibited neuronal finnq (20 pq/ml; blue) 

pathogenesis of other immune-mediated diseases of the CNN sin h 
as MY 

Methods 

IgG isolation and immunohistochemistry. IqG was isolate from srrum or 

CSF by adsorption tc protein A Vpharosr { Siqn ia ) at ki LmoLii ivlued {hiolm N 
hydroxysuccinimide. Vector, Burhnqame, California) Autopsy tissues were ob 
tamed from H.IV-1 seronegative indrviouals Immunohistcx herniary was 
performed on formalm-tixed, paraffin -embedded i-|ini setUnns. IqG (1:50) 
was detected with a.idin h:o:in pvroxrd.y.e 'diamine hen/mine MCI or t,. XiU 
Red Aviain D (Vector) fluorescence was imaged by corttotal microscopy (Bio 
Rad MRC-1024, Hercules, California). The tax mAb (1:50) was coupled with 
secondary antibody followed bv Alkaline Phosphatase (Vector Red) Neuro 
tilamen: wdsoptec ten with NCI Nf- 68 an^iwiv ffV-vf ,r.ior, v NMwr,uti,. np.m 
tyne, UK) and secondary antibody coupled with SC subst/ate peroxidase or 
avtdm biotin peroxioMse'diamtno benzidine MCI (Vector) IqG was isolated 
from HAM TSP brain A monospecific antibody to hnRNP-Al was produced 
by purrfying HAM/TSP IgG with rhnRNP-Al bound to sepharose 



512 



NATURE MFOfCINt • VOtlJMEX • NUMBERS • mav ;oo; 



ARTICLES 



E 
o 

u 

Q) 
TO 

c 



■a 
£ 

Q. 

Q. 
3 
O 

o 

c 



-Q 
3 
Q_ 

<u 



Neuronal preparations and western blots. Human cortex was dissected, 
suspended in Ficoll/sucrose buffer, filtered through nylon mesh and neurons 
isolated by centritugatton. Whole neurons were mixed with TRYPAN blue, ad- 
hered to slides and photographed. For initial SDS-PACEVwestern blots, neu- 
rons were mixed in reducing buffer and boiled before loading onto 12% 
SDS-PAGE gels' To purify the antigen, neurons were subletted to guani- 
dintum hydrochloride (6 M, 125 mM Tns/HCI, pH 6.8) and centnfuged 
(1 Q r 00Qg). The supernatant was used for subsequent studies. After 
SDS-PAGE, proteins were transferred to polyvinyl idene fluoride (PVDF) mem- 
branes for western blotting with biobnylated IgG (1:5,000) and detected 
with avidin-horseradish peroxidase followed by enhanced chemilummes- 
cence (ECL, Amersham, Piscataway, New jersey). The tax mAb (1 : 5,000) was 
detected with biotmytated-goat anti-mouse antibody and ECL. For adsorp- 
tion studies, HAM/TSP IgG was incubated with 0, 0.1 or 1 .0 pg rhnRNP-Al 
prior to western blotting. 

2 D gel electrophoresis and purification and mass spectroscopy of dis 
sected proteins. Samples were solubilized in 0 .5% (v/v) immobilized pH gra- 
dient (IPG) buffer (pH 3-1 0, Pharmacia) and bromophenol blue. A 1 7-cm IPG 
strip was used for isoelectric focusing of 30 ug samples. The first-dimension 
isoelectric focusing program was as follows: 0 V, 1 2 h; 500 V, 1 h; 1 ,000 V, 1 
h; and 8,000 V, 4 h. After equilibration in buffer with DTT and lodoac- 
etamide, the second-dimension was done at 40 mA. Gels were stained with 
Coomassie {Gel-Code Blue Reagent, Pierce, Rockford, Illinois) or electrobrot- 
ted onto PVDF membranes for western blotting. Spots identified by western 
blotting were analyzed by m-gel digestion. Excised plugs were washed with 
NH.HCOi/acetonitrile and dried. Trypsin was added Supernatant was re 
moved, digestion buffer added, and incubation continued (3 7 C C, 12 h). The 
sample was centnfuged and transferred to a tube containing hydrophilic pep- 
tides. Peptides were extracted with 60% acetonitrile/0.0 1 % trrf iuoracetic acid 
(TFA). Samples were dried, TFA and water were added. Peptides were eluted, 
purified with ZipTip CI 8-microcolumns (Millipore, Bedford, Massachusetts) 
and deposited directly on the MALDI (Matrix-Assisted User Desorption 
Ionization) target. MALDI-time-of-flight mass spectroscopy was used to ob 
tain mass fingerprinting for proteins using a Voyager DE ER instrument 
(Applied Biosystems, Framingham, Massachusetts). Spectra were acquired in 
the delayed extraction (DE), reflectron (R) mode 100-200 scans were aver- 
aged to produce final spectra. The mass scale was calibrated using the masses 
of trypsin autodigestion products. Protein identification was performed by 
searching peptide masses tn a comprehensive non-redundant protein se- 
quence database (Protein Prospector) . Primary seauences were compared 
using Pustell Protein Matrix (MacVector) and Pairwise-Blast, NCBI 

Cloning of human hnRNP-AI. Human brain mRNA was isolated usinq a 
commercial kit (Clontech, San Francisco, California). hnRNP-AI cDNA was 
prepared by RT-PCR using primers representing the coding region (sense, 5'- 
GGATCCATGTCTAAGTCAGAGTCTCCTAAA-3'. antisense, S'-AAGCTTT- 
JAAAATCTTCTGCCACTGCCATA-3')- PCR product size was confirmed by 
agarose gel electrophoresis PCR product was excised from the gel, purified, 
and subcloned into TOPO PCR 2.1 vector (Invitrogen, Carlsbad, California). 
Positive clones were selected by white/blue screening. Plasmids were purified 
(Wizard Plus SV Miniprep, Promega, Madison, Wisconsin), subjected to 
BamH\/Hind\\\ double digestion and cloned into pQE 30 vector (Qiaqen, 
Valencia, California) in which the gene proauct was expressed with 6 X His 
tag for purification The recombinant hnRNP-AI was expressed by adding 
IPTG (1 mM) in Ml 5 (pRep4), an f. co// strain (Qiagen), and purified using Ni 
chelating affinity chromatography. 

Patch-clamp experiments. 300-|jm brain slices dissected from 
Spraque-Dawley rats were prepared in ice-cold artificial cerebrospinal fluid 
(ACSF). Slices were submerged in the recording chamber and perfused with 
ACSF, followed by the test antibody (in ACSF). Neurons were visualized with 
a Photometries PXL charge-coupled camera and patched with a glass elec 
trode filled with a physiologic intracellular solution. Neurons were held below 
-50 mV and constant depolarization with 1-10 Hz pacemaker fmnq (IqC) 
ana below -40 mV ana constant depolarization of 5-15 Hz (tax mAb and 
monospecific ab). Electrode resistance was between 5 and 8 MQ. Recordings 
were made in a current clamp moae synchronously with calcium imaging 
and analyzed by Igor Pro 3.1 3 (ref 18). 
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Summary 

The clinical association between viral infection and 
onset or exacerbation of autoimmune disorders re- 
mains poorly understood. Here, we examine the rela- 
tive roles of molecular mimicry and nonspecific in- 
flammatory stimuli in progression from infection to 
autoimmune disease. Murine herpes virus 1 (HSV-1 
KOS) infection triggers T cell-dependent autoimmune 
reactions to corneal tissue. We generated an HSV-1 
KOS point mutant containing a single amino acid ex- 
change within the putative mimicry epitope as well 
as mice expressing a TCR transgene specific for the 
self-peptide mimic to allow dissection of two patho- 
genic mechanisms in disease induction. These experi- 
ments indicate that viral mimicry is essential for dis- 
ease induction after low-level viral infection of animals 
containing limited numbers of autoreactive T cells, 
while innate immune mechanisms become sufficient 
to provoke disease in animals containing relatively 
high numbers of autoreactive T cells. 

Introduction 

Two general explanations have been put forward to ex- 
plain the clinical association between microbial infection 
and induction or exacerbation of autoimmune disease. 
One mechanism depends on evidence that the immune 
response to pathogens provides a nonspecific stimulus 
of the innate immune system that promotes activation 
and expansion of autoreactive T cells (Horwitz and Sar- 
vetnick, 1999). A second holds that the pathogen itself 
may provide a counterfeit antigenic stimulus that pro- 
vokes autoreactive T cells (Oldstone, 1987; von Herrath 
and Oldstone, 1996). The contribution of nonspecific 
inflammatory mechanisms has received extensive ex- 
perimental support in several different animal models 
of autoimmune disease (Horwitz and Sarvetnick, 1999). 
The role of antigenic mimicry has also received exten- 
sive support. For example, viral peptides can cross- 
stimulate autoreactive human T cells, and mice that ex- 
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press a viral protein in a relevant target tissue develop 
autoimmune disease after viral infection (Hemmer et al.. 
1997; Wucherpfennig and Strominger, 1995; Ohashi et 
al., 1991). Cross-reactive T cell activation (mimicry) has 
also been implicated in the pathogenesis of Lyme dis- 
ease (Gross et al., 1998) and a munne model of heart 
disease (Bachmaier et al., 1999). 

The issue of self-mimicry by microbial agents has 
been studied in murine Herpes Stromal Keratitis (HSK). 
a T cell-dependent autoimmune response that destroys 
corneal tissue after HSV-1 KOS infection (Avery et al.. 
1995; Streilein et al., 1997). Viral mimicry may provoke 
this disorder because Th1 cell clones that initiate HSK 
respond to both a corneal self-antigen and a peptide 
derived from the UL6 protein of HSV-1 KOS. Moreover, 
a replication-defective HSV-1 KOS virus that does not 
express the UL6 protein fails to induce HSK in adoptive 
hosts given virus-immune T cells (Zhao et al., 1998). 
However, the inability of this replication-defective mu- 
tant to induce disease compared with a glycoprotein 
B-deficient strain may have reflected a difference in 
virulence between the two deletion mutants and/or in- 
hibitory effects of low levels of UL6 expressed at the 
protein level by the replication-defective virus. 

A direct test of the contribution of an HSV-1 peptide 
mimic to the development of disease after viral infection 
depends on generation of a replication-competent virus 
containing a single amino acid exchange that alters the 
putative mimicry epitope and analysis of mice that ex- 
press a TCR transgene (C1-6) specific for a potential 
viral mimic (Zhao et al., 1 998). We find that this exchange 
virtually abrogates disease induction, while disease sus- 
ceptibility is increased dramatically in mice expressing 
the C1-6 TCR. This mutant virus and TCR transgenic 
mouse model are used to delineate the relative contribu- 
tion of antigen-specific and innate immune mechanisms 
to the pathogenesis of autoimmune disease after viral 
infection. 

Results 

Generation of a Replication-Competent HSV-1 KOS 
Mutant Containing a Single Amino Acid Exchange 

A previous comparison of several replication-defective 
HSV-1 mutants suggested that expression of the UL6 
protein was important for induction of HSK following 
HSV-1 infection (Zhao et al., 1998). However, impaired 
replication or other functional defects of the HSV-1 KOS/ 
UL6 m -mutant virus might have contributed to its failure 
to induce disease. A decisive test of the putative UL6- 
derived peptide mimic requires generation of a UL6 
amino acid exchange mutant that alters the UL6 T cell 
epitope but spares HSV-1 replication and function. 

A mutation that converts the UL6 Ser at position 309 
to Leu (S309L) and disrupts the predicted class II binding 
frames of the postulated mimic was induced by an alter- 
ation of AGC (encoding Ser) to CTT (encoding Leu) after 
site-directed mutagene sis ( Figure 1A). The Hindlll re- 
striction site created by this mutation was used to moni- 
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(A) Two potential binding motifs tor the UL6 
peptide (aa 298-314; TASVKVLLGRKSDS 
ERG), based on preferred amino acid anchors 
and the !-A a crystal structure (top). The intro- 
duction of an AGC— CTT mutation in an epi- 
tope-codtng region of the UL6 gene in HSV-1 
KOS creates a Hindlll site at bp 922 (middle). 
Viral DNA extracted from Vero cells infected 
with isolates of wild-type KOS or the mutant 
KOS/UL6^ (1 ,48) was used as template for 
PCR amplification of a 1 .2 kb fragment of UL6 
(bottom), which was gel purified and digested 
to test for the presence of the HindMI site 
within the epitope coding region (480 and 740 
bp for wild-type and 480, 470. and 270 bp tor 
KOS/UL6 S30<K ). 

<B) KOS/UL6 530 * replicates at the same rate 
as wild-type KOS. Vero cell monolayers were 
infected with ten viral particles of KOS (closed 
circles) or KOS/UL6 NV ^ (open circles) per cell 
and harvested at 18, 27. 37, and 42 hr post- 
infection (left). Samples were analyzed for vi- 
rus yields as described (Sandstrom et al., 
1986). Data points represent the mean of du- 
plicate samples. Viral titers in eyes of infected 
mice during the period of acute replication 
{nght). C.AL-20 mice were ocularly infected 
with 4 v 10* PFU wild-type KOS (closed cir- 
cles) or KOS/UL6 S3i>9t (open circles); eyes were 
harvested on days 2, 3, 4. 5, and 6 and as- 
sayed for viral particles as described (Sand- 
strom et al., 1986). Data points represent the 
mean of duplicate samples. 
(C) The T cell response to the KOS/UL6 sso * 
is similar to the response to wild-type KOS. 
DTH response to KOS/UL6" 0 *. (Left panel) 
C.AL-20 mice were infected in the nght eye 
with either HSV-1 KOS or KOS/ULG^ (4 ^ 
10 6 PFU), and. 5 days later, individual groups 
of infected mice were challenged in the left 
footpad with 5 ■ 10 7 PFU UV-inactivated 
HSV-1 KOS (white bars) or KOS/ULS^ 1 
(black bars). The right and left footpads of 
each mouse were measured 24 hr later, and 
the data ore given as average specific swell- 
ing calculated by subtracting the width of the 
control right footpad of four mice per group 
(Right panel) In vitro proliferation to KOS/ 
UL6 SW9L . The right superficial cervical draining 
lymph nodes of C.AL-20 mice were harvested 
15 days after ocular infection of the nght eye 
with syngeneic BALB/c irradiated spleen cells in 
are shown as cpm of incorporated pHJthymidine 



tor recombination after cotransfection of Vero cells with 
a linear S309L DNA fragment and infectious nonreplicat- 
ing KOS/UL6 m DNA (containing a stop codon in the UL6 
gene) (Figure 1 A). Recombination between linear S309L 
DNA and purified KOS/UL6 m DNA allows viral replication 
and functional selection of recombinants containing re- 
paired UL6 genes. Replication-competent viral isolates 
(48) were subcloned after cotransfection, and all con- 
tained the S309L mutation according to PCR amplifica- 
tion and Hindlll digestion (Figure 1A). Sequencing of the 
PCR product containing the epitope region was per- 
formed to confirm conversion of AGC to CTT in two 
isolates used for further study. 



Characterization of the T Cell Response 
to Mutant Virus KOS/UL6 S30QL 

KOS/UL6 S309L grew to titers that were at least as high as 
wild-type (wt) KOS, and the replication rate of KOS/ 
UL6 S309L was indistinguishable from KOS wt after infec- 
tion of Vero cells in vitro or murine cornea in vivo (Figure 
1 B). The effect of this amino acid exchange on the ability 
of the mutant virus to interact with T cells was also 
measured. T cells from lymph nodes draining HSV-1 
KOS- or HSV-1 KOS/UL6 S309L -infected corneas re- 
sponded equally well to wt KOS or mutant KOS/UL6 S3OTL , 
according to pH]thymidine incorporation (Figure 1C). 
Infection with HSV-1 KOS or KOS/UL6 S309L also provoked 
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Figure 2. HSK Induction by KOS/UL6 S309L 

The right eyes of C.AL-20 mice were infected with HSV-1 wild-type 
KOS at 4 < 10 4 PFU (open circles), 4 x 1 0 5 PFU (plus symbols within 
circles), or 4 x 10 6 PFU (closed circles) or KOS/ULG 53091 - at 4 x 1 0 5 
PFU (plus symbols within squares), 4 x 10 6 PFU (closed squares), 
or 4 x 10' PFU (x within squares), followed by disease assessment 
on days 0, 7, 10, and 14 after infection. The percentage of each 
group with detectable disease (i.e., incidence [%]) on days 0, 7, 10, 
and 14 (minimum score 1) and disease severity shown is based on 
analysis of HSK in four to eight mice per data point. 



similar levels of tuberculin-type delayed-type hypersen- 
sitivity (DTH) upon challenge with either UV-inactivated 
KOS or KOS/UL6 S309L (Figure 1 C). Since the UL6 mutation 
did not inhibit the ability of the virus to replicate, interact 
with T cells, or induce DTH (cellular) immunity, we were 
able to ask whether the local inflammatory response 
provoked by a virus lacking a putative mimic epitope 
(HSV-1 KOS/ULG 53091 -) caused HSK. 

HSK Induction by KOS/ULG* 30 * 

Corneal infection with 4 x 10 4 PFU wild-type KOS was 
sufficient to induce HSK. However, KOS/UL6 S309L did not 
induce detectable HSK in concentrations less than 4 v 
10 ? PFU (Figure 2). Thus, an amino acid exchange that 
affected the UL6 T cell epitope but not other viral func- 
tions decreased the efficiency of disease induction by 
approximately 10Mold compared to wild-type KOS vi- 
rus. Histologic analysis of corneas from mice infected 
with 4 x 10 6 PFU KOS wt or KOS/UL6 S309L revealed that 
both viruses provoked similar levels of inflammatory re- 
sponse 5 days after infection (Figure 3A) during the pe- 
riod of active HSV-1 expression (the virus is no longer 
detectable in the cornea at the RNA or protein level after 
day 6) (Daheshia et al., 1 997). The KOS/UL6 S309L -induced 
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Figure 3. HSK Induction by the KOS/UL6™ Mutant 
{A) Histologic analysis of the inflammatory response of C.AL-20 
mice. After ocular infection by HSV-1/KOS (white bars) and S309L 
mutant (black bars); infected eyes were fixed at the indicated days 
after infection, sectioned, and stained with hematoxylin-eosin. Infil- 
trating cells per field (400 ■ ) were counted (standard error shown). 
Numbers indicate average of five fields. *, p 3 • 10 '; **, p 
0.008. 

(B) Adoptive transfer of HSK by CD4 cells from mice infected with 
KOS or KOS/ULe^ ' 1 . The right eyes of C.AL-20 mice were infected 
with 4 • 10 f PFU/eye of wild-type KOS or the KOS/ULe" 091 mutant 
virus. After infection (7 days). CD4 ' T cells were isolated (as de- 
scnbed in Experimental Procedures) from the draining tymph nodes 
of these mice, and 10*" CD4 cells from KOS-infected (circles) or KOS/ 
UL6 j:K)9L ~infected (squares) mice were transferred intravenously into 
syngeneic BALB/C-RAG2 mice. After T celt transfer (2 days), recip- 
ient mice were ocularly infected with 4 > 10* PFU/eye of either KOS 
(open circles, open squares) or KOB^Le^ 10 " 1 (closed circles, closed 
squares) virus and scored for disease on days 7 and 1 2 as described 
in Experimental Procedures. Each point represents at least six mice. 
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inflammatory response diminished and resolved over 
the next 10 days, while the KOS-induced inflammatory 
response progressively increased during this time in the 
absence of detectable HSV-1. 

Adoptive Transfer of HSK by CD4 Cells 
from KOS/ULB^-lnfected Mice 

We then defined the ability of the S309L mutant virus 
to stimulate pathogenic CD4 cells according to transfer 
of HSK. CD4 cells from donors infected with KOS/ 
UL6 s309c were una bie to transfer detectable HSK to RAG- 
2' 1 ' recipients challenged with wt KOS in contrast to 
CD4 cells from donors infected with wt KOS, which re- 
producibly transferred robust HSK into RAG-2 1 recipi- 
ents upon infection with HSV-1 KOS (Figure 3B). The 
10Mold reduction in HSK activity of the KOS/UL6 S309L 
virus and its failure to induce pathogenic CD4 cells indi- 
cate that the UL6 viral mimic critically contributes to 
activation and expansion of T cells that initiate this auto- 
immune disease. 

Initiation of HSK by CD4 Cells Bearing 
the C1-6 TCR 

These findings suggest that CD4 T cells that express 
a TCR that recognizes the UL6 mimic and a corneal 
autoantigen can initiate HSK after viral infection. We 
have previously defined a V 3 8"V a 1 1 + CD4^ T cell clone 
(C1 -6) that expressed this pattern of crossreactivity and 
transferred HSK into syngeneic RAG-2 1 hosts (Zhao 
et al., 1 998). We therefore expressed the C1 -6 or control 
DO11.10 TCR (which recognizes an OVA-derived pep- 
tide) transgene in BALB/c-RAG2~'~ mice to generate 
"monoclonal" mice that do not contain other T cell 
clones because of a blocked endogenous TCR recombi- 
nation (Chen et al., 1993a, 1993b) to directly test the 
contribution of this TCR to disease. 

T cells that develop in BALB/C-RAG2 ' C1 -6 TCR Tg 
mice are composed entirely of V^8 + CD4~ T cells (as 
predicted from the class It reactivity of the C1-6 TCR) 
(data not shown), and ocular infection by 1 0 3 PFU HSV-1 
KOS provoked HSK in all BALB/c -RAG-2 C1-6 mice. 
In contrast, a 10 4 -fold increase in viral titer to 10 7 PFU 
(the highest titer technically feasible) failed to induce 
detectable HSK in BALB/c-RAG-2' DO1 1 .1 0 mice (T a- 
ble 1A). Histologic analysis of the inflammatory response 
at day 1 0 showed a substantial mononuclear cell infiltra- 
tion of the corneas of BALB/c -RAG-2 1 C1-6 mice 
(69.8 ± 1 3/hpf) but virtually none in the corneas of BALB/ 
c-RAG-2 1 DO11.10 mice (3 * 1.8/hpf). 

Increased HSK susceptibility of BALB/c-RAG-2 1 
C1-6 mice reflected enhanced T cell reactivity because 
2 x 10 4 CD4 cells from BALB/c-RAG-2 ' C1-6 mice 
transferred HSK to naive BALB/c-RAG-2 ' hosts, while 
2 > 1 0 6 CD4 cells from nontransgenic BALB/c mice were 
required for efficient transfer of HSK, and as many as 
2 >: 1 0 7 CD4 cells from BALB/c-RAG-2 ' DO1 1 .1 0 mice 
failed to transfer detectable disease (Table 1 B). These 
data indicate that small numbers of CD4 cells that ex- 
press the C1 -6 TCR are sufficient to confer disease while 
much larger numbers of T cells bearing an irrelevant 
TCR cannot. 

We have previously suggested that mouse strains that 
are resistant to HSK following HSV-1 KOS infection lack 



the T cell clones that recognize the C1 -6 peptide (Avery 
et al., 1 995; Zhao et al.. 1 998). A direct test of this hypoth- 
esis comes from an analysis of HSK induction in the 
resistant C.B-17 mouse strain that expresses the C1-6 
TCR transgene. We find that the C.B-17 C1-6 TCR tg 
mice develop severe HSK following HSV-1 KOS infection 
(4 x 10 5 PFU), while age- and sex-matched control C.B- 
17 mice do not develop detectable disease (Figure 4A). 
Thus, insertion of the C1 -6 TCR into the T cell repertoire 
converts the phenotype of C.B-17 mice from resistant 
to highly susceptible. 

Amelioration of HSK Using V p Antibody or Peptides 

One prediction of these data is that purging of CD4 cells 
containing the pathogenic V^8*V,,11 ' TCR from the T 
cell repertoire might ameliorate HSK upon viral infection. 
We found that depletion of V t ,8.1/8,2* cells but not V ( <6* 
cells from C.AL-20 mice markedly reduced disease in- 
tensity after corneal infection with HSV-1 KOS without 
affecting the T cell response to HSV-1 (Figures 4B and 
4C). Moreover, removal of V 3 8' but not V^6' cells from 
CD4 cells infused into BALB/c -RAG2 ' hosts virtually 
eliminated their ability to transfer HSK into adoptive 
hosts (Figure 4B). Depletion of V,,8* CD4 cells did not 
affect antiviral activity, because RAG-2 ' recipients of 
V^8-depleted CD4 cells were fully protected from the 
lethal HSV-1 encephalitis that routinely follows ocular 
infection of mice that are deficient in T cells (Altmann 
and Blyth, 1985). Moreover, T cells from mice treated 
with V38 antibody displayed unimpaired proliferative re- 
sponses to HSV-1 in vitro (Figure 4C). These data extend 
conclusions drawn from analysis of C1 -6 TCR transgenic 
mice concerning the primacy of V^8' C1-6 TCR in 
disease induction and suggest new therapeutic ap- 
proaches based on depletion of a restricted portion of 
the T cell repertoire. 

A second consequence of the view that C1-6 TCR' 
CD4 cells play a critical role in disease induction is that 
engagement of this TCR by a peptide ligand leading to 
anergy or apoptosis should inhibit disease development 
in vivo. The peptide SYFMYSKLRVQKS represents a 
superagonist that efficiently activates the C1-6 T cell 
clone at concentrations of less than 0.05 jlM (Zhao et 
al., 1998) and, at concentrations greater than 20 p.M, 
induces CD4 cells from C1-6 TCR transgenic mice to 
undergo anergy and apoptosis (Figures 5A and 5B). We 
therefore asked whether this ligand might induce resis- 
tance to HSK in both C1 -6 TCR and in susceptible (non- 
transgenic) C.AL-20 mice. Intravenous injection of high 
concentrations of soluble C1-6 (400 ^g/mouse) but not 
a mutant peptide that no longer activates the C1 -6 TCR 
resulted in almost complete resistance to the develop- 
ment of HSK after infection with HSV-1 (Figure 5C). 

Role of Antigen-Specific and Inflammatory 
Stimuli in the Induction of HSK 

The finding that RAG-2 1 hosts reconstituted with KOS- 
primed CD4 cells developed mild but significant disease 
when challenged with KOS/UL6 S309L (Figure 3B) opened 
the possibility that LPS-induced stimulation of innate 
immunity and APC may induce disease in hosts con- 
taining sufficient numbers of autoreactive T cells. To 
test this hypothesis, we examined a series of mice that 
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Table 1. Analysis of HSK after Ocular Infection of BALB/C-R4G-2 CI-6 Transgenic Mice 
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(A) Mice were infected with HSV-1 KOS in the nght eye, and disease was scored on day 10 and 14 after infection, as described in Experimental 
Procedures The percentage of each group with detectable disease on day 14 (minimum score 1) and disease seventy shown .s based on 
analysis of HSK in four to eight mice per data point. (B) Purified CD4* celts from BALB/c, BALB/c-RAG-2 CI-6 TCR Tg. or BALB/c-RAG- 
2 DO11.10 TCR Tg were adoptively transferred into BALB/c-RAG-2 ~'~ mice. Recipient mice were infected with 4 ^ 10- PFU/eye HSV-1 
KOS and scored for HSK. The percentage of each group with detectable disease on day 14 (minimum score 1) shown is based on analysis 
of HSK in five to eight mice per data point. 



contained increasing numbers of autoreactive T cells 
(naive C.AL-20; <KOS-immune C.AL-20; BALB/c-RAG- 
2~'- C1-6; <KOS-immune BALB/c-RAG-2 '' C1-6). 
While inoculation of LPS or infection by the HSV-1 KOS/ 
UL6 S309L mutant virus onto scratched corneas fails to 
cause disease in naive C.AL-20 or BALB/c mice, 60% 
of KOS-immune C.AL-20 mice developed HSK after in- 
oculation of LPS into the cornea. Moreover, 100% of 
BALB/c-f?yAG-2" /_ C1 -6 transgenic mice but not control 
BALB/c-RAG-2 1 DO1 1 .1 0 mice developed intense ker- 
atitis after inoculation of LPS or infection with KOS/ 
UL6 s309l (Fig Ures 6A and 6C). Finally, provision of a mild 
inflammatory stimulus {corneal scratch) induced severe 
keratitis in BALB/c-RAG-2' 1 ' C1-6 mice that had been 
immunized with UV-inactivated HSV-1 (Figure 6B). 
These experiments indicate that (1) direct activation of 
T cells by the molecular mimic is required to induce 
disease in normal nonprimed animals containing limiting 
numbers of autoreactive T cells (naive C.AL-20); and 
(2) innate immune mechanisms are sufficient to trigger 
disease in animals that contain expanded numbers of 
C1-6 TCFT T cells. Moreover, development of intense 
HSK in BALB/c-RAG-2^" C1-6 but not DO11.10 trans- 
genic mice after LPS-dependent activation of innate im- 
mune mechanisms reemphasizes the autoimmune na- 
ture of HSK in this model. 

Discussion 

Microbial infection often precedes the clinical onset of 
diabetes (Gamble and Taylor, 1973; Gamble, 1980; Na- 
gata and Yoon, 1992) and relapses of multiple sclerosis 
(Sibley et aL, 1985) and can precipitate murine diabetes 
(Nagata and Yoon, 1992), demyelinating disease (Rodri- 
guez et al., 1 987; Dal Canto and Rabinowitz, 1 982; Miller 
et al., 1990), herpes stromal keratitis (Streilein et al., 
1997; Zhao et al., 1998), and myocarditis (Bachmaier et 
al., 1999). However, there is no consensus view of the 



relative importance of antigen-specific stimuli (microbial 
mimics) and nonspecific innate immune mechanisms to 
the genesis of autoimmune disease, in part because 
both mechanisms are likely to contribute to most auto- 
immune disorders, while one or the other may play a 
dominant role under particular circumstances (Cantor, 
2000). Our studies delineate the conditions that deter- 
mine the importance of these two mechanisms to the 
development of HSK. 

Viral Infection and Molecular Mimicry 
The HSK system is particularly well-suited for studying 
the inciting role of viral infection, because stimulation 
of the immune system by the virus is limited to an acute 
period of approximately 5-7 days, after which the virus 
becomes undetectable at the protein and RNA level 
(Streilein et at., 1997; Figure 1), in contrast to other viral 
infections that may provoke chronic immune reactions 
through smoldering infection (e.g., HSV-1 encephalitis). 
A direct test of a peptide mimic in HSK induced by HSV-1 
KOS comes from analyses of a replication-competent 
KOS point mutant as well as studies of mice that express 
a TCR specific for this mimic. The S309L amino acid 
exchange in the HSV-1 KOS UL6 protein alters the pre- 
dicted UL6 T cell epitope without affecting viral replica- 
tion, stimulatory activity for T cells, or induction of DTH 
and is thus equipped to provide an unimpaired inflam- 
matory milieu (Figure 1). Nevertheless, this viral mutant 
did not cause HSK in susceptible C.AL-20 mice unless 
viral concentrations were increased 10 3 -fold, achieving 
levels not normally seen in nature (Figure 2). Histologic 
analysis of the cornea showed that cellular infiltration 
after KOS/ULe 8309 *- and wt KOS infection was similar at 
day 5, when virus was present. However, over the next 
10 days, when the virus is no longer detectable, cell 
infiltration initiated by wt virus progressively increased, 
while the KOS/UL6 S309L virus-initiated cellular response 
was markedly reduced by day 10 and absent at day 15. 
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Figure 4. Regulation of HSK Response to HSV-1 /KOS by the 
C1-6 TCR 

(A) Effect of C1-6 TCR transgene. C.B-17 (open circles) and C.B-17 
C1 -6 TCR transgenic (closed circles) mice were infected with HSV-1 
(KOS; 4 x 10 5 PFU). Data shown represent two independent experi- 
ments based on analysts of four to five mice per group. 
(B and C) Depletion of V e * T cell subpopulation and HSK. (B) (Left 
panel) C.AL-20 mice were depleted in v.vo of V 0 6 * cells (open circles) 
and V B 8 + cells (closed circles) by i.p. injection of monoclonal anti- 
bodies (four doses of 25 each), resulting in 98%-99% depletion, 
or untreated (open squares), before ocular infection with HSV-1 KOS 
(4 x 10 6 PFU/eye). (Right panel) Purified CD4 * cells from BALB/c 
mice were transferred (3 x 10Vmouse) into BALB/C-RAG2 ' mice 
after in vitro depletion (99%) of V B 6* cells (open c.rcies) or V,8 
cells (closed circles) or untreated (open squares). All mtce were 
ocularly infected 24 hr later with HSV-1 KOS (4 ■ 10* PFU/eye) 
followed by disease assessment as described in Experimental Pro- 
cedures. HSK index = percent incidence x mean severity of clinical 
stromal keratitis - 10. Each data point represents the average of 
at least five mice. 

(C) The lymph nodes of HSV-1 KOS-infected. V,6-depleted (hatched 
bars), V e 8-depleted (black bars), or untreated (white bars) C.AL-20 
mtce were harvested and cultured with syngeneic C.AL-20 irradiated 
spleen cells in the presence of UV-inactivated HSV-1 KOS (as de- 
scribed in Experimental Procedures). Results are shown as cpm of 
incorporated pHJthymidine that had been added to each well during 
the last 16 hr of culture. 
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Figures. Effect of a Peptide Superagomst on C1-6 T Cell Re- 
sponses 

(A) Stimulation of CD4 cells from BALB/c-PAG-2 C1-6 mice in 
vitro Proliferative response of CD4 cells from BALB/c-RAG-2 
C1-6 mice (10Vwell plus 10 s irradiated BALB/c splenic cells) to the 
indicated concentrations of peptide: C1-6 (292-308; SYFMYSK 
LRVQKS) (closed c.rcies) or K8S mutant (SYFMYSKLRVQSS) (open 
circles), as described in Experimental Procedures. 

(B) Induction of unresponsiveness by C1 -6 peptide. After stimulation 
(5 days) of C1-6 CD4 cells (5 y lOVwel!) with the md.cated concen- 
trations of the C1-6 peptide, cells were rcstimulated with immobi- 
hzed ant,-CD3 (5 ng/ml: black bars) or CI -6 pept.de (1 00 M M; white 
bars) and PH]thym.dme incorporate was determined 24-36 hr later. 
The levels of apoptos.s as judged by annex.n staining 24 hr after 
anti-CD3 simulation of cells primed w.th 0. 20, and 200 pept.de 
were 11. 74. and 82, respectively. 

(C) Effect of soluble C1-6 peptide on HSK. BALB/c-RAG? CI -6 
TCR Tg and C.AL-20 mice were .ntravenously injected (400 
mouse) w.th either normal C1-6 (open c.rcies) or a mutant C1-6 
peptide. K8S (closed circles) twice prior to ocular infection with 
HSV-1 (4 > 10* PFU/eye), and HSK was scored on the indicated 
days. 
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Figure 6. Nonspecific Stimuli Induces Kerati- 
tis in Mice Containing Large Numbers of Self- 
Reactive T Cells 

(A) The nght eyes of BALB/C-R4G2 (open 
circles), BALB/C-RAG2 ' DO! 1 .1 0 Tg (closed 
squares), or BALB/c -RAG2 C1-6 TCR Tg 
(closed circles) mice were scratched with a 
27 gauge needle, and 16 ^g of LPS (Sigma, 
St. Louis, MO) was added in an 8 p. I volume. 
Clinical keratitis was scored on day 5, 7, 10, 
and 15. Each point represents at least eight 
mice. 

(B) BALB/C-RAG2 ' C1 -6 TCR Tg (closed cir- 
cles) and BALB/c-/?>4G2 0O11 10 TCR Tg 
(open circles, closed squares) mtce were im- 
munized three times with 2 ^ 10 s PFU irradi- 
ated KOS virus weekly pnor to ocular scarifi- 
cation or scanfication and LPS (16 ^g) 
treatment. Clinical keratitis was scored on 
day 3, 7, and 12. Each point represents at 
least five mice per group. 

(C) The indicated strains were infected wtth 
increasing titers of HSV-1 (KOS or S309L) in 
the right eye, and disease was scored on day 
10 after infection, as described in the Expen- 
mental Procedures. The percent with detect- 
able disease on day 10 (minimum score 1) is 
shown based on analysis of four to eight mice 
per group. 



This truncated response reflected the inability of KOS/ 
UI_ 6 s309L to stimulate disease-inducing T cells; purified 
CD4" T cells from the draining lymph nodes of KOS/ 
UL6 S309L -infected mice were unable to transfer significant 
disease to recipient BALB/C-RAG2 ' mice compared 
with the robust activity of CD4 cells from KOS-wt- 
infected mice (Figure 3B). 

Comparative analyses of HSK after HSV-1 infection 
of RAG-2 ' mice expressing the C1 -6 and DO1 1.10 TCR 
strengthened the conclusion that HSK induction after 
HSV-1 (KOS) infection depended on activation of a re- 
stricted set of CD4 clones. This hypothesis also received 
support from the finding that insertion of the C1 -6 TCR 
into the T cell repertoire converted the phenotype of 
C.B-17 mice from resistant to highly susceptible. The 
hypothesis that the interaction between the C1-6 TCR 
and the viral mimic played a critical role in disease induc- 
tion predicted several targeted approaches to immuno- 
therapy of the disease. We found that depletion of V t ,8.1 / 
8.2" cells (the V B expressed by CI -6) but not V^6' cells 
markedly diminished disease intensity after corneal in- 
fection with HSV-1 KOS without affecting the overall 
antiviral immune response and that intravenous injection 
of a C1-6 peptide at concentrations that induce apo- 
ptosis in vitro ameliorated disease in vivo (Figures 5 
and 6). 



Viral Infection and Innate Immunity 
Understanding the conditions that determine the contri- 
bution of innate and adaptive immune mechanisms to 
the pathogenesis of autoimmunity following infection 
remains a central and unresolved issue in this field (Hor- 
witz and Sarvetnick, 1999; Medzhitov and Janeway, 
1 998). The role of nonspecific inflammatory responses is 
most clearly evident from the finding that tissue-specific 
expression of cytokine transgenes can provoke auto- 
immune disease without the need for microbial infection 
(Horwitz et al., 1997; Akassoglou et al., 1997). In most 
cases, microbial infection increases the efficiency of T 
cell activation through enhanced expression of costimu- 
latory molecules, upregulation of MHC expression on 
professional APC, and attraction of dendritic cells from 
peripheral to secondary lymphoid tissues (Bachman et 
al., 1997). Continued activation of innate immunity can 
also potentiate autoimmune disorders through chronic 
immune-mediated tissue damage and autoantigen re- 
lease without the need for specific activation of auto- 
reactive T cells by a microbial mimic (Miller et al., 1990, 
1995, 1997; Vanderlugt, 1996; Vanderlugt et al., 1998). 

We have compared the relative importance of inflam- 
matory and antigen-specific aspects of infection ac- 
cording to the level of autoreactive T cells in the host. 
A mild inflammatory stimulus (corneal trauma) is suffi- 
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cient to provoke disease in animals containing high lev- 
els of autoreactive memory T cells (Figure 6C), while a 
stronger nonspecific stimulus (mutant KOS/ULS 530 * vi- 
rus or LPS) elicits disease in mice that harbor high num- 
bers of naive autoreactive T cells (Figures 6A and 6C). 
Similarly, MBP1 -1 1 TCR transgenic mice spontaneously 
develop experimental autoimmune encephalomyelitis 
(EAE) after exposure to pertussis toxin without specific 
antigen (Goverman et al., 1993; Linthicum et al. ? 1982; 
Munoz et al., 1984). All these observations emphasize 
that the need for a specific antigenic stimulus is greatest 
when the host contains limiting numbers of autoreactive 
T cells, while nonspecific stimuli are sufficient for dis- 
ease induction in hosts containing expanded numbers 
of autoimmune T cells. These conclusions are also con- 
sistent with observations that Coxsackie B (CB4) virus 
infection can induce diabetes in BDC2.5* mice provided 
that that host has developed an expanded population 
of autoreactive CD4 memory cells (Horwitz et al., 1998; 
Serreze et al., 2000). 

Molecular Mimicry and Autoimmune Disease 
Why is expression of a molecular self-mimic essential 
for efficient disease induction in hosts containing limited 
numbers of autoreactive T cells? The target self-antigen 
of HSK is naturally expressed in a nonlymphoid tissue 
and may not reach levels sufficient for effective cross- 
presentation to autoreactive T cells, even after microbial 
infection (Kurts et al., 1998; Ludwig et al., 1999; Sevilla 
et al., 2000; Serreze et al., 2000). Viruses, on the other 
hand, are efficiently taken up by professional APC, and 
peptides derived from them rapidly gain the direct atten- 
tion of T cells. Presentation of a viral peptide mimic thus 
bypasses the series of events beginning with release of 
autoantigen from dying cells and ending with uptake, 
processing, and cross-presentation by local APC (Ehl 
et al., 1997; Oxenius et al., 1998). The resulting gain in 
immunogenicity is reminiscent of the enhanced T cell 
response achieved after bypassing the need for cross- 
presentation through expression of tumor antigens in 
dendritic cells (Klein et al., 2000). 

These data open the possibility that subclinical infec- 
tion by a virus that expresses a mimic can "prime" the 
host for an autoimmune response upon infection of the 
target organ by an unrelated virus, thus complicating 
the search for viral mimics associated with clinical dis- 
ease. These studies also highlight the importance of 
testing for viral mimicry early in life (e.g., in genetically 
predisposed children), since viruses isolated after the 
onset of clinical disease, such as the dozens identified 
in MS patients, are likely to contribute to disease patho- 
genesis through their effects on innate rather than spe- 
cific immunity. Our studies also indicate that screening 
for peptide mimics should include assessment of rela- 
tively weak microbial ligands. Although the UL6 peptide 
epitope has a relatively low-affinity interaction with the 
C1 -6 TCR, it is sufficient to induce disease in vivo, while 
the high-affinity C1-6 peptide (which efficiently stimu- 
lates T cells in vitro) inhibits rather than enhances dis- 
ease in vivo (Figures 4A and 5A). These findings are 
congruent with the recent observation that MBP-derived 
peptides that display low-affinity binding to self-MHC 
efficiently provoke EAE in vivo, while MBP peptide ana- 



logs that bind well to self-MHC and strongly stimulate 
T cells in vitro cause apoptosis of autoreactive T cells 
and inhibit disease in vivo (Anderton et al., 2001). 

Viral Infection and Bystander Damage 
In all of the above examples, viral infection through spe- 
cific or nonspecific mechanisms provokes autoreactive 
T cells and consequent autoimmune tissue destruction. 
However, two recent studies by Gangappa and cowork- 
ers suggest that a strain of HSV-1 (RE) can induce a 
nonautoimmune form of keratitis after infection (Gan- 
gappa et al., 1 998. 2000). In the second study (Gangappa 
et al., 2000), BALB/C-R4G2 DO1 1 .10 mice developed 
keratitis after infection with the HSV-1 RE strain, in ap- 
parent contrast to our findings that these mice do not 
develop HSK after infection by very high titers of HSV-1 
KOS (Table 1; Figure 3A). The disparity in these results 
reflects a difference in the virulence (Thomas and Rouse, 
1997) and pathogenicity of the two HSV-1 strains. We 
have noted that, at relatively high concentrations (4 \ 
10 6 PFU), ocular infection by the RE strain can cause 
clinical keratitis in up to 50% of BALB/c -RAG2 ' 
DO11.10 mice, while infection of the same mice with 
these titers of HSV-1 KOS fails to induce detectable 
corneal changes or histological evidence of cellular infil- 
tration. The pathogenicity of HSV-1 RE in BALB/c-RAG- 
2 1 DO11.10 mice may be related to the ability of this 
strain to attract large numbers of neutrophils (Thomas 
et al., 1 997), in contrast to KOS, which primarily attracts 
macrophages (Hendricks and Tumpey, 1990), and to its 
persistence at higher titers in the corneas of immuno- 
competent mice (Su et al., 1990), leading to attendant 
damage of the cornea through release of collagenases 
and/or necrosis of the local vasculature. Alternatively, 
the intense inflammatory response provoked by the RE 
virus may allow recognition of low-affinity viral mimics 
by the DO11.10 TCR. 

The development of blindness following clinical her- 
petic stromal keratitis is marked by intense stromal in- 
flammation leading to irreversible corneal scarring, glau- 
coma, and cataract. Infection of the mouse strains used 
here with HSV-1 KOS or RE strains, which model the 
most destructive and blinding form of this clinical disor- 
der, supports two distinct pathogenic pathways. Infec- 
tions by relatively nonpathogenic HSV-1 strains such 
as KOS are translated into an autoimmune attack and 
blindness through the expression of a viral mimic. A 
second pathway may result from infection by HSV-1 
strains such as RE. which lead to proteolysis and colla- 
gen breakdown through nonautoimmune mechanisms 
that may include bystander damage. Elucidation of the 
relative roles of these two pathogenic pathways in clini- 
cal HSK represents the next step in diagnosis and treat- 
ment of a leading cause of human blindness. In a broader 
context, our studies suggest approaches for evaluation 
of the relative roles of antigen mimicry and nonspecific 
inflammation in a variety of clinical syndromes, ranging 
from bacterial arthritis to some forms of atherosclerosis 
(Gross et al., 1998; Bachmaier et al., 1999). 

Experimental Procedures 
Mice 

C.AL-20 and C.B-1 7 female mice were purchased from The Jackson 
Laboratory (Bar Harbor, ME); DBA/2 and CD! mice were purchased 
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from Charles River Laboratory, Inc. (Wilmington, MA); and BALB/c 
and BALB/C-RAG2 ' mice were purchased from Taconic Labora- 
tories, Inc. (Germantown, NY). The OVA-TCR (DO11.10) transgenic 
mice were crossed into the RAG2 ' background (confirmed by PCR 
and FACS analysis). All mice used for expenmentation were 6-8 
weeks of age and housed in microisolator cages in the animal bio- 
safety level 2 of the Dana Farber Cancer Institute animal facility. 

Construction of KOS/ULS 530 * HSV-1 Replication-Competent 
Mutant Virus 

The mutant ULe 530 * allele was constructed using the pZZ plasmid 
(Zhao et a!., 1998) containing a 1.3 kb segment of UL6 and the 
Clonetech Transformer™ Site-directed mutagenesis kit to alter UL6 
codon 309 from AGC encoding Ser to CTT encoding for Leu creating 
plasmid pMES2. These nucleotide changes introduce a Hindlll site 
at bp 922 in the UL6 coding sequence. The 1 kb Mlul-Sphl fragment 
from pMES2 containing the S309L mutation was subcloned into 
plasmid pMES12, which contains the entire UL6 coding sequence 
and a large portion of HSV-1 flanking sequence, to create pMES18. 

To integrate the ULG 530 * mutation into the HSV-1 KOS genome, 1 
^g KOS/UL6 m infectious DNA and 5 p.g BstBI-Aflll-digested pMES1 8 
were cotransfected into 1 x 10 6 BKK21 cells that had been engi- 
neered to express UL6 (Patel et al., 1996). The KOS/UL6 m infectious 
DNA contains a C to T point mutation at nucleotide 136 in the UL6 
coding sequence and does not synthesize UL6 protein (Zhao et al. t 
1 998). Recombination between the BstBI-Afllf ULG 530 ^ fragment from 
pMES18 and the K0S/UL6 m infectious DNA introduced the S309L 
mutation while repairing the UL6 m point mutation. 

To identify and purify a replication-competent virus that contains 
the UL6 S309L mutation, the transfected G33 cells were harvested 5 
days after transfection, virus was isolated by three rounds of freeze 
thawing, and subsequently used to infect Vero cells. Since KOS/ 
UL6 m cannot replicate in Vero cells, only recombinants with a re- 
paired UL6 m point mutation could grow. Individual plaques (48) from 
the Vero cell infection were purified and screened for the presence 
of the S309L mutation by PCR amplification and digestion with 
Hindlll enzyme. All 48 of the viruses analyzed carried the mutation. 
Sequencing of an extended region (^500 bp) flanking the 5 and 3' 
boundaries of the recombination sites did not reveal any nucleotide 
differences compared with the wild-type sequence. 

Replication Curve for KOS/ULG* 3091 and WT KOS 
In vitro 

To compare the replication rate of the KOS/UL6 S309L mutant virus to 
wild-type KOS, 2 x 10 s Vero cells were seeded in wheaton glass 
vials 4 hr prior to infection with 2 x 10 6 PFU of virus followed by 
incubation (1 hr at 37°C) and removal of virus by washing. Cells 
were resuspended in 1 ml of serum-free DMEM medium, and individ- 
ual vials were removed at the indicated ttme points, frozen at - 70 C, 
and prepared by repeated freezing/thawing before assaying for vtral 
PFU/m! by standard methods (Sandstrom et al„ 1986). 
In vivo 

C.AL-20 mice were ocularly infected with 4 x 10 6 PFU wild-type 
KOS or KOS/ULe 5309 '; eyes were harvested on days 2, 3, 4, 5, and 
6 and assayed for viral particles as described (Sandstrom et al.. 
1986). 

Ocular Infection and Scoring of HSK 

Corneas of mice were scanfied using a sterile 27 gauge needle 
(Avery et al., 1 995) before infection with HSV-1 (KOS or KOS/UL6 S3C9s ) 
in the right eye, and disease severity was scored on different days 
after infection as described (Avery et al., 1 995). based on the degree 
of corneal opacity: ^25% of cornea, 1; s50%, 2; ^75%, 3; 75%- 
100%, 4. Corneal opacity represents irreversible and progressive 
destruction charactenstic of necrotizing keratitis resulting from se- 
vere stromal edema and necrosis with ulcerations seen on histologi- 
cal sections of the cornea. Neovascularization or corneal clouding 
were not used to measure stromal keratitis, since these changes 
may be transient and reversible. Incidence of disease is measured 
as the percentage of mice with a seventy score ^-1 . In certain experi- 
ments, disease score is summanzed as "HSK index" = severity 
(mean clinical score) x incidence (%) divided by 10. 



Histology 

Mice were sacnftced on day 5. 1 0, and 1 5 postinfection, and mtected 
eyes were enucleated and immediately frozen before tissue sections 
were stained with hematoxylin-eosin and observed tor thickness of 
cornea and number of infiltrating cells. 

Construction of the C1-6 TCR Transgenic Mice 

The C1-6 TCR transgenic mouse line was created by cloning the n 
and 3 chains from the C1.6 keratogenic T cell clone (Avery et al., 
1 995). The o-rearranged cDNA ( - 800 bp) was amplified by anchored 
PCR as described (Frohman et al., 1988), cloned into Sall-Smal- 
digested pSP72 (Promega Corp.. Madison, Wl) to create oil I, and 
confirmed by sequence analysis. The Xhol-Bglll fragment from ul 1 1 
containing the complete coding sequence for the n chain was sub- 
cloned into the pHSE3 transgenic vector (Pircher et al.. 1 989). plac- 
ing the a chain under the transcnptional control of the H-2K e pro- 
moter. Similarly, the ^-rearranged cDNA ( 930 bp) was amplified 
by RT-PCR, cloned into Smal-Hindlll-digested pGEM7zf (Promega 
Corp.) to create BETAI, and sequenced. The Xhol-BamHI fragment 
from BETAI containing the complete V,,8.1/D,,1 .1 /J t ,1 4/Ch1 se- 
quence was subcloned into the pHSE3 vector and placed under 
the control of the H-2K* promoter. The two Xhol fragments from 
pHSE3 a and pHSE3'3 were used to produce the transgenic mice, 
as described (Hogan et al., 1986). DBA/2 (H-2**) x BALB/c (H-2*) 
eggs were comicroinjected with a and 3 chain constructs, implanted 
in CD1 females to produce mice with a complete C1-6 TCR. These 
mice were crossed to BALB/c mice for three to four generations 
before crossing onto the BALB/c -RAG2 ' genetic background. The 
TCR transgene expression and RAG2 defect were confirmed by 
both PCR and FACS analysis. 



Delayed-Type Hypersensitivity 

C.AL-20 mice were infected in the nght eye with HSV-1 KOS (4 x 
10 6 PFU), and, 5 days later, individual groups of infected mice were 
challenged in the left footpad with 5 v 10' PFU UV-inactivated HSV-1 
KOS or KOS/ULe^ 30 * (Foster et al., 1986), and the nght and left 
footpads of each mouse were measured 24 hr later with a Fowler 
micrometer (Schlesinger Tool, Brooklyn, NY). 



In Vitro Proliferation to KOS/ULe* 30 * 

The right superficial cervical draining lymph nodes of C.AL-20 mice 
were harvested 15 days after ocular infection of the right eye with 
4 - 10 f PFU HSV-1 KOS or KOS/ULe^S Cells from these lymph 
nodes (1 v 1 0* per well) were cultured with syngeneic BALB/c irradi- 
ated (3000 rad) spleen cells (5 - 10Vwell) in the presence of 2 ■ 
10 7 PFU UV-inactivated HSV-1 KOS or KOS/UL6 s *"\ as described 
(Zhao et al., 1998). pH]thymidine (1 m O} was added to each well 
during the last 16 hr of culture. 



Purification of CD4* Cells and Analysis by Flow Cytometry 
CD4* T cells were isolated by magnetic negative selection (Dynal, 
Lake Success, NY) using antibodies to CD8 (53-6.7). B220 (RA3- 
6B2), Gr-1 (RB6-8C5), and Mac-1 (M1/70) (PharMingen, San Diego. 
CA). For certain experiments, anti-Vj-8 (F23.1) or anti-V,,6 (RR4-7) 
was also used (PharMingen). Cells from lymph nodes or blood were 
stained using FITC- or PE-conjugated anti-V,48(8.1/8.2), anti-V,,6, 
anti-V[4. anti-Vj 2, and anti-CD4 as previously described (Pestano 
et al., 1999). 



Depletion of T Cells According to V B Expression 

Mice were depleted in vivo of V,,6 ' cells or V.8 ' cells by intraperito- 
neal injection of monoclonal antibodies (RR4-7 or F23.1; four doses 
of 25 ng each; day -5, -3, 0, and +2; PharMingen), resulting in 
98%-99% depletion (as measured by flow cytometric analysis). De- 
pleted mice were ocularly infected with HSV-1 KOS {4 - 10 6 PFU/ 
eye). In other experiments, purified CD4 cells from BALB/c mice 
were transferred (3 x 1 OVmouse intravenously) into BALB/ 
C-RAG2 ' recipient mice after in vitro depletion by magnetic nega- 
tive selection (99% by flow cytometry) of V ( ,6* cells or V„8* cells. 
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tion alters the thermal structure of the deep 
ocean (25). Calculations tor such extended 
periods are beyond the scope of this study. 
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Molecular Mimicry by Herpes Simplex 
Virus-Type 1: Autoimmune Disease 
After Viral Infection 

Zi-Shan Zhao, Francesca Granucci, Lily Yeh, 
Prisciila A. Schaffer,* Harvey Cantor 

Viral infection is sometimes associated with the initiation or exacerbation of autoimmune 
disease although the underlying mechanisms remain unclear. One proposed mecha- 
nism is that viral determinants that mimic host antigens trigger setf-react.ve T cell clones 
to destroy host tissue. An epitope expressed by a coat protein of herpes simplex 
virus-type 1 (HSV-1) KOS strain has now been shown to be recognized by autoreactive 
T cells that target corneal antigens in a murine model of autoimmune herpes stromal 
keratitis. Mutant HSV-1 viruses that tacked this epitope did not induce autoimmune 
disease. Thus, expression of molecular mimics can influence the development of au- 
toimmune disease after viral infection. 



Autoimmune diseases result from a loss of 
self-tolerance and the consequent immune 
destruction of host tissues (1). Although 
the pathology of the associated tissue de- 
struction has been well characterized, the 
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mechanisms responsible for initiation and 
pathogenesis of autoimmune diseases re- 
mam unclear. Several mechanisms have 
been proposed on the basis ot the clinical 
observ ation that viral infections can induce 
or exacerbate autoimmune disease (2). Vi- 
rus-induced inflammatory responses that re- 
sult in release of self antigens and enhance- 
ment of cosnmulatory activity may trigger 
autoreactive T cells (3, 4) It also has been 
proposed that viral determinants that mim- 
ic host antigens directly stimulate selt-reac- 
tive T cell clones to attack sequestered host 



tissues (5). Certain viral peptides that cr^s. : 
react with self peptides can stimulate a 
reactive T cells (o), and mice cenet ua'dv- 
engineered to express a viral protein an 
develop autoimmune disease after intecn.-Q 
with the relevant vims (7V However. c 
observations do not provide direct evidence 
that viral infection can precipitate autoim- 
mune disease by mechanisms thai mCmde 
molecular mi mien. Herpes stromal keratitis 
(HSK), a disorder induced bv HSY-1 inten- 
tion and characterized bv T cell- dependent 
destruction of corneal tissue, is a leading 
cause of human blindness (4, S). To exam- 
ine the role ot viral mimicry in autoimmune 
disease, we have now studied a murine mod- 
el of HSK in which corneal HSY-1 infec- 
tion reproducthly results in a T cell-medi- 
ated autoimmune reaction (S, g ^ 

Murine HSK elicited bv HSY-1 (KOS 
strain) in C.AL-20 mice is mediated by 
CD4~ T cell clones specific tor conical n it 
antigens but that also recognize a peptide 
(ammo acids 2^2 to 308) in the C H > region 
of immunoglobulin G2a b (lgGZaM 
However, the role of this vims in the in- 
duction of HSK disease was not investigat- 
ed. Given that there are insufficient num- 
bers ot T cells m the cornea after H>Y-1 
(KOS) infection to define potentially cross- 
reactive celts (JO), we investigated whether 
the HSK-mduong Cl-6 and Cl-15 T cell 
clones might also recognize HSV-l epitopes 
bv measuring their proliferative response 
after stimulation with HSY-1 antigens. 
Roth HSK-inducing clones, but not the 
ovalbumin (OVA )-reactive clone O* UH, 
were activated by extracts of HSY-1 
(KOS)-intected Yero cells [10 s ultraviolet 
(UYUinactivated plaque-forming units 
(PRJ) per milliliter] but not by extracts of 
uninfected Yero cells (Fig. 1 A). 

\Ye searched the GenBank database tor 
HSY-1 proteins that share sequence homol- 
ogy with the keratogenic peptide recogmrcd 
by Cl-6 and Cl-15. The best match was 
with a peptide sequence embedded in the 
HSY vmon-associated protein ULb (/2^. 
which contains identical or similar amino 
acids at seven of eight sequential positions 
that contribute to T cell recognition (Arg- 
Lvs-Ser-Asp-o'cr-Glu-Arg-Gly; mismatched 
residue m italics) (°). Both keratogenic 
clones, but not the OVA -reactive clone 
were activated by a synthetic 15 -residue 
viral peptide based on UL6 (ammo at ids 
2ocj to M4) [UL6-CZ99-3 14)1 i*naJ contain- 
ing this nested sequence, whereas an unre- 
lated peptide derived from murine mamma- 
ry tumor virus { M MTV ) did not activate 
these two clones at any concentration test- 
ed (Fig. IB). 

The proliferative response of the two 
keratogenic CL>4 * T cell clones to the 
UL6-(299-H4) peptide suggested thai in- 
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^travenous administration of the soluble 
peptide into susceptible C.AL-20 mice 
might inhibit development of HSK. Mice 
injected twice intravenously with soluble 
UL6 peptide before corneal inoculation of 
HSV-1 (5 X \0 A PFU per cornea) did not 
develop HSK; in contrast, mice treated the 
same way with a control peptide from 
MMTV developed HSK (Fig. 2A). Immu- 
nization of mice with the UL6 peptide in 
adjuvant also might be expected to result in 
expansion of T cells capable of inducing 
HSK. Because immunization of mice with 
components of HSV-1 can inhibit the HSK 
response as a result of production ot neu- 
tralizing antibodies to HSV-1 (13), we mea- 
sured the ability of T cells from peptide- 
immunized C.AL-20 mice to induce HSK 
in adoptive syngeneic hosts that lack T 
cells. T cell-deficient BALB/c nu/nu 
(nude) mice that received T cells (5 X 10*) 
from C.AL-20 mice immunized with UL6- 
(29°>— 314) peptide in adjuvant developed 




Cells adtfed to culture 




0 025 0 25 : 5 



c> 002 0 025 0 15 2.5 

[Peptide] (jiM) 

Fig. 1 . (A) Recognition of UV-irradiated extracts of 
HSV-1 (KOS)-intected ceils by cornea-specific 
CD4+ T ceil clones Cornea- reactive T cell clones 
(C1 -6 and C1 -15) or the OVA-specific clone 03 
(2 10 4 cells per well) were stimulated with UV- 
irradiated exiractsof HSV-1 -infected (27) or unin- 
fected Vero cells in the presence of y- irradiated 
[33 grays (Gy)] syngeneic BALB/c spleen cells 
(5 > 1 0 5 cells per well). Proliferation was assessed 
after 2 days by 1 6 to 1 8 hours of exposure to 1 m-Ci 
of pH]thymidine ([-'H]TdRj and is expressed as 
mean counts per minute (opm) ± SEM of triplicate 
cultures. (B) Dose-dependent stimulation of cor- 
nea-specific CD4* T cei! clones by HSV UL6- 
(299-314) peptide CD4 * T cell clones (C1 -6 and 
C1-15) {2 - 10 4 cells per we!!) were incubated 
wttn the indicated peptides (0.2 ilM) in the pres- 
ence of irradiated (33 Gy) syngeneic BALB/c 
spleen cells (5 > 10 5 cells per well): □, p292-308 
(lgG2a b ); ■ p299-314 (UL61; p200-222 
(MMTV). Proliferation was assessed as in (A). 



severe HSK, but nu/nu recipients of the 
same number of T cells from C.AL-20 mice 
immunized with the MMTV control pep- 
tide did not develop significant disease (Fig. 
2B). 

To further define the role of the UL6- 
denved peptide in HSK, an HSV-1 (strain 
KOS) virus containing a mutation in the 
UL6 gene was produced (14) A single base 
pair substitution introduced by site-directed 
mutagenesis generated a stop codon in the 
5' end of the UL6 open reading frame (Fig. 
3A); this mutation also eliminated a unique 
Pvu 11 cleavage site (Fig. 3B). Viral isolates 
containing this mutation could not repli- 
cate in Vero cells but grew to concentra- 
tions similar to those of the wild-type virus 
in G33 cells that stably express the UL6 
protein. One isolate (KOS/UL6"M was se- 
lected for further stud v. The genome ot 
KOS/ULo m displayed the predicted mutant 
Pvu 11 restriction pattern as determined bv 
Southern (DNA) blot analysis (Fig. 3BL 

We then tested extracts ot cells intected 
with KOS or KOS/UL6 m for their ability to 
activate the two keratogemc T cell clones 
(15). Clones Cl-6 and Cl-15 were activat- 
ed by protein extracts from Vero cells in- 
fected with wild-type HSV-1 (KOS) but 
not bv extracts ot cells intected with KOS/ 
UL6 m (Fig. 4A), despite the fact that both 
extracts contained the same concentration 
of HSV- 1 protein (Fig. 4B). Nude mice that 
received T cells (5 X 10 f ) from C.AL-20 
mice immunized with HSV-1 -intected 
Vero cell extracts developed HSK, whereas 
recipients of the same number of T cells 
from mice immunized with KOS/UL6 m - in- 
fected Vero cell extracts containing the 
same concentration or HSV-1 protein (Fi^. 

Fig. 2. Effects of HSV-1 UL6-(I?99-314) peptide 
on development of HSK. (A) C.AL-20 mice were 
injected intravenously with the indicated synthetic 
pept.des (50 per mouse) in P3S 1 4 and 7 days 
before corneal infection with HSV- 1 (KOS) (5 < 
10 4 PFU per cornea): ■. p299-314 (UL6); D. 
P292-302 (lgG2a b ): #. p200-222 (MMTV ); O, 
PBS Disease was scored on days 7. '0. and 14 
after infection as described (9); data are means 
from eight mice per group. The seventy of clinical 
stromal keratitis in anesthetized mice was scored 
as described (22) based on the degree of corneal 
opacity and neovascularization: <25 c .6 ot cornea, 
1 +; <SOc. 2+; <75?b. ^ to 100°<>. 4-. (B) 
C.AL-20 mice were immunized bv injection at the 
base of the tail with the same peptides (50 per 
mouse) as in (A) but in complete Freund's adju- 
vant. Z>. adjuvant alone Two weeks later, T cehs 
purified from pooled draining lymph nodes and 
spleens of immunized mice after passage through 
Cell-ect columns (Btotex, Edmonton, Alberta, 
Canada) were injected intraperitoneal^ into 



4B) did not develop rhe disease {Fi£. 40 

To further investigate whether the 
HSV-1 UL6 protein contam> a \ mil 
epitope that activates keratogemc T cell-, 
we compared HSK induction hv KO> 
UL6 m with induction bv two other replica - 
tion-defective HSV-1 (KGS^ mutant vim- 
es. The HSV-1 (KOS) 5dll.2 mutant i> 
altered in the UL54 gene of HSV-1 encod- 
ing ICP27 and is deficient in expression ot 
late viral proteins including UL6 {lt>) The 
HSV-1 mutant K0S2 expresses all viral pro- 
teins except the late viral protein glvcopro- 
tein B (17). The extent of HSK induced 
after corneal infection bv these mutant 
HSV-1 strains is moderate because nonrep- 
licating antigens placed in the eve have 
poor access to the immune system (IS). 
Moreover, because svstemtc immunization 
of mice with HSV- 1 does not increase the 
efficacy of disease induction because it re- 
sults in production ot neutralizing annU^l- 
les to HSV-1 that prevent HSK (15). we 
reconstituted CP- 17 mice with severe com- 
bined immunodeficiency dtsease (SC1P 
mice), which lack T and B cells and mav be 
more sensitive to HSK induction by T cells 
than nu/nu recipients (J9), with T cells 
from HSV-1 -immunized CAL-20 mice im- 
mediately before corneal infection with the 
different mutant HSV-1 strains. Corneal 
infection by the K0S2 mutant caused severe 
HSK in about 85% of these mice, whereas 
corneal infection with either KOS/UL6" 1 or 
KOS/5dll.2 did not result m detectable 
HSK (Fig. 4D) 

These data indicate that deletion of the 
HSV-1 (KOS) protein UL6, which stimu- 
lates self-react ive T cell clones that initiate 
HSK, eliminates the ability ot this virus to 
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BALB/c nu/nu recipients (5 > 10 6 cells per mouse). Immediately after adoptive transfer, corneas were 
infected with HSV-1 (KOS) (5 < 10* PFU). Disease was scored on days 7, 10, and 14 after infection for 
six to eight mice per group. Additional experiments indicated that as many as 1 5 x 10 6 T cells specific 
for control (MMTV) peptides did not induce significant HSK. 
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HincltfmM 
KOS KO&ll^ 




Target site 

epitope (ASVKVLLG SK£QS£H£) 

Fig. 3. (A) Location of the UL6 gene in the HSV-1 genome. The relative 
positions of UL6 restriction srtes. the target mutation site, and the HSK 
epitope are also indicated. Ammo acids are abbreviated as follows- A Ala- S 
Ser; V, Val; K. Lys; L. Leu; G, Gly; R, Arg. D, Asp; E, Glu. fB) Analysis of the 
genomic structure of the h OS/UL6 m mutant virus. DNA from KOS/UL6 m and 
wild-type KOS viruses was digested with Pvu II and Hinc I!, and genomic 
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KOS 
"KOyiLfr- 



^^^^^^■^^^^^^■■■^^■■^^■Wl pZi probe 

fragments were separated by gel electrophoresis, transferred to nylon r 
branes. and subjected to Southern blot hybridization with trie indicated ; 
(p?.z). Beiow the blot is a restriction map for the enzymes fP. P\v II H 
used in the Southern blot. The sizes of the reievant'restnction fragmcr 
indicated m base pairs. 



induce HSK in mice. This effect cannot be 
attributed to the failure of KOS/ULb m to 
replicate in corneal cells because the same 
concentrations of a second replication-de- 
ficient mutant, K082. that lacks a different 
viral structural protein (glycoprotein B) in- 
duced severe HSK. Both UL6 and glycopro- 
tein B are late-appearing viral proteins and 



deletion mutants at these two loci allow 
expression of similar sets of HSV-1 genes 
(16, 17). Moreover, the failure of KOS/ 
UL6 m protein, but not of u iid-tvpe HSV-1 
protein, to induce expansion of keratogenic 
T cells after immunization with adjuvant 
cannot be attributed to a replication defect. 
Instead, these data implicate a UL6-denved 
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Fig. 4. Analyses of mutant strains of HSV- 1 (KOS). 
(A) Keratogenic T cell clones (C1-6 and C1-15) 
{2 > 10 4 ceils per well) were incubated with Vero 
cells (200 M-g/ml) containing similar amounts of 
HSV-1 protein 3fter infection with HSV- 1 (KOS) or 
the mutant virus KOS/UL6 m (27) in the presence 
of irradiated (33 Gy) syngeneic BALB/c spleen 
cells (5 >: 10 s cells per well). Proliferation was 
assessed after 2 days by exposure for 1 6 to 18 
hours to 1 jiCi of [ 'HJthymidine (! 3 H)TdR). Results 
are expressed as means ± SEM of triplicate cul- 
tures. (B) Concentration of HSV-1 protein in Vero 
cell extracts 18 hours after infection with HSV-1 
(KOS) (•), KOS/UL6 m (□), or after mock infection 
(O). HSV-1 protein was measured by a sandwich 
enzyme-linked immunosorbent assay in which the 
capture antibody was a rabbit antibody to HSV-1 
(D01 14. DAKO) and the secondary antibody was 
a peroxidase- comugated antibody to HSV-1 
(P0175. DAKO), (C) C.AL-20 m.ce were immu- 
nized (350 M-g per mouse) bv injection at the base 
of the tail with extracts of Vero cells infected with 
KOS'UL6 m (•) or KOS (□) or with mock-mtected 
cells (O) emulsified in complete Freund's adjuvant 
Two weeks later, purified T cells obtained from 
draining lymph nodes and spleens were adoptive- 
|y transferred into BALB/c nu/nu recipients (5 x 10* cells per mouse). Immediate after adoptive 
T^^^^T'^^^^ (K0SM5 X 1 ° 4 PFU) ^disease was scored o da 
with UV irradiated HSV H5 "Z'PfT™ ^ 1 ^ P " ^ i0)C ^ ™* were immunized 
r^ntJ Ji t < . ( ° PFU Per mouSeJ " Two weeks later - T Cef '^ fr om immunized m,ce were 
^r y , ^K^^ ,nt ° CB ' 17 SCID reC ' p,ents < 5 X 106 ce)ls ^usel The recipients we e 
immediately sub,ected to repeated corneal infection with h, Q h doses of K082 l"* koI^ <m or 
5dl1 .J (u) mutant viruses (5 x 10* PFU per mouse: days 0, 2. and 4) and disease was scored 7 10 and 
14 days after the last infection. Data are means from eight m.ce per group. 
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peptide in the pathogenesis of HSK. 

Although viral infection can tripper au- 
totmmune T cell responses in mice that 
express transgenic viral determinant 
/ ), viral mimicry has not been implicated 
in the etiology of an autoimmune disorder 
that occurs after viral infection of non- 
transgenic animals. We have defined a 
viral peptide that stimulates keratogenK T 
cell clones in vitro and specifically modi- 
ties HSK in vivo. The finding that a mu- 
tant HSV-l virus that lacks this epitope 
does not induce HSK provides direct 
evidence that molecular mimicry plav> an 
important role m the development of this 
virally induced autoimmune disease. The 
identity of the cornea! protein or proteins 
that correspond to the HSK autoantigen 
is not apparent from homology searches of 
protein databases, possibly reflecting the 
scarcity of structural information on mu- 
rine corneal proteins in contrast to the 
abundance ot sequence data tor viruses 
16). 

The results ot tins study together with 
earlier studies suggest that susceptibility to 
autoimmunity after viral infection may be 
determined by two opposing mimicry mech- 
anisms. Cienetic polymorphisms that attest 
the sequence (°) or tissue expression {20) ot 
■ i protein can generate endogenous molec- 
ular mimics th.it tolenze T cells to seques- 
tered autoanttgens and decrease susceptibil- 
ity to virally induced autoimmune disease. 
Infection by viruses that carry an exogenous 
molecular mimic, as shown here, can en- 
hance the development of autoimmunity, 
presumably by attraction and activation ot 
autoreactive T cell chines to the target 
tissue. 

We do not know whether molecular ] 
mag.org 



mimicry by HSV-1 (KOS) is essential for 
disease induction in genetically susceptible 
hosts under all circumstances. Mimicry 
mechanisms may be particularly important 
in translating relatively low level viral in- 
fections into an autoimmune response. In- 
fections by higher concentrations of HSV-1 
(KOS) or by more virulent strains of HSV-1 
may induce inflammatory responses that are 
sufficient to provoke autoimmune disease 
without the need for molecular mimicry. A 
comparison of HSK in transgenic mice with 
T cells that carry* a receptor specific for an 
HSV-1 (KOS) viral peptide mimic or an 
unrelated peptide should further clarify the 
relative roles of mimicry and inflammation 
in the pathogenesis of virally induced auto- 
immune disease. 
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movements, the frontal eye field (FEF), 
which is on the anterior hank of the arcuate 
sulcus (10). 

Most functional hrain itnapinp studies of 
spatial working memory in humans have 
focused on the dorsolateral frontal region 
defined hy Bnxlmann as area 46 (5, J / , 12), 
because the spatial working memory region 
in monkeys lies within that area (13). 
While performance of spatial working 
memory tasks activates Brodmann area 
(BA) 46 (5. J J, 12), performance of work- 
ing memory tasks involving other types of 
information, such as verbal and visual ob- 
ject information, does so as well [for exam- 
ple, see (3. 6, 7, 12, 14, 15)\. Therefore, 
the existence of a prefrontal cortical area in 
humans that is specialized for spatial work- 
ing memory has been questioned [for exam- 
ple, see (16)]. 

Here we provide evidence that a human 
frontal area specialized for spatial working 



An Area Specialized for Spatial Working Memory 
in Human Frontal Cortex 

Susan M. Courtney,* Laurent Petit, Jose Ma. Maisog, 
Leslie G. Ungerleider, James V. Haxby 

Working memory is the process of maintaining an active representation of information 
so that it is available for use. In monkeys, a prefrontal cortical region important for spatial 
working memory lies in and around the principal sulcus, but in humans the location, and 
even the existence, of a region for spatial working memory is in dispute. By using 
functional magnetic resonance imaging in humans, an area in the superior frontal sulcus 
was identified that is specialized for spatial working memory. This area is located more 
superiorly and posteriorly in the human than in the monkey brain, which may explain why 
it was not recognized previously. 
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Summary 

Structural similarity between viral T cell epitopes and 
self-peptides could lead to the induction of an autoag- 
gressive T cell response. Based on the structural re- 
quirements for both MHC class II binding and TCR rec- 
ognition of an immunodominant myelin basic protein 
(MBP) peptide, criteria for a data base search were 
developed in which the degeneracy of amino acid side 
chains required for MHC class II binding and the con- 
servation of those required for T cell activation were 
considered. A panel of 129 peptides that matched the 
molecular mimicry motif was tested on seven MBP- 
specific T cell clones from multiple sclerosis patients. 
Seven viral and one bacterial peptide efficiently acti- 
vated three of these clones. Only one peptide could 
have been identified as a molecular mimic by sequence 
alignment. The observation that a single T cell recep- 
tor can recognize quite distinct but structurally related 
peptides from multiple pathogens has important impli- 
cations for understanding the pathogenesis of autoim- 
munity. 

Introduction 

Activation of autoreactive T cells is a critical event in the 
induction of autoimmunity. In animal models of T cell- 
mediated autoimmunity, disease can be transferred only 
with activated but not with resting T cells specific for a 
centra! nervous system (CNS)-specific autoantigen (re- 
viewed by Zamvil and Steinman, 1990). Resting autoreac- 
tive T cells are part of the normal immune repertoire and 
do not induce disease as the blood-brain barrier limits 
access to the CNS to activated T cells (Schluesener and 
Wekefle, 198b! BU rr m el al., 1 953, Oiama l ., I aao, Maun l 
et al., 1990; Petteet al., 1990). This protective mechanism 
makes circulating self-reactive T cells "ignorant" of the 
complex set of tissue-specific self-antigens hidden behind 
the blood-brain barrier. Invasion of the CNS requires auto- 
reactive T cells to be activated in the peripheral immune 
system. This activation occurs in the absence of their nom- 
inal self-antigen, which is sequestered in the CNS (Wek- 
erle et al., 1986; Hickey et al., 1991). Two mechanisms 
could account for the activation and clonal expansion of 
autoreactive T cells in the periphery; activation by bacterial 
or viral superantigens that trigger T cells bearing particular 
T cell receptor Vf3 segments (Brocke et al., 1993; Cole 
and Griffiths, 1993; Conrad et al.. 1994), or activation by 
viral or bacterial peptides that have sufficient sequence 
similarity with an immunodominant self-peptide (molecu- 
lar mimicry) (Oldstone, 1990). 



A large body of clinical and epidemiological evidence 
indicates that infections are important in the induction of 
autoimmunity. Particular viral infections frequently pre- 
cede autoimmune myocarditis and type I diabetes (IDDM) 
(Roseet al.. 1986; Ray et al., 1980). Also, an inflammatory 
CNS disease can follow infection with a number of com- 
mon viral pathogens, such as measles and rubella. The 
absence of virus in the CNS and reactivity to myelin basic 
protein (MBP) in these patients suggest an autoimmune 
mechanism (Johnson et al.. 1984). Environmental agents 
also influence the risk of developing multiple sclerosis 
(MS) as demonstrated by migration studies. Individuals 
that migrate after age 15 carry the risk for developing MS 
associated with their geographic origin, while individuals 
who migrate earlier in life acquire the risk of the geographi- 
cal region to which they migrated (Kurtzke, 1985). These 
studies are consistent with the hypothesis that a group of 
pathogens that are relatively ubiquitous in a certain geo- 
graphic region influence the risk of developing MS. 

Recent immunological studies suggest that MBP may 
be one of the important target antigens in the tmmuno- 
pathogenesis of MS. Several studies have demonstrated 
that MBP-specific T celts are clonally expanded in MS 
patients and in an in vivo activated state (Allegretta et al, 
1990; Wucherpfennig et al., 1994b; Zhang et al.. 19941 
Reactivity with the immunodominant MBP(84-102) pep- 
tide is found predominantly in subjects carrying HLA-DR2. 
a genetic marker for susceptibility to MS. The MBP(84- 
102) epitope can also be presented by other major histo- 
compatibility complex (MHC) class II antigens, including 
HLA-DQ1 (Ota et al., 1990; Martin et al., 1990; Pette et 
al., 1990; Wucherpfennig et al., 1994a). In vivo, the T cell 
response to this peptide appears to be dominated by a 
few expanded clones. The mechamsm(s) leading to clonal 
expansion of MBP-reactive T cells remains to be identified, 
but could involve recognition of viral peptides with suffi- 
cient structural similarity to the immunodominant MBP 
peptide. Viruses that cause latent and/or persistent infec- 
tions (such as the herpes simplex and Epstein-Barr vi- 
ruses) would be particularly interesting candidates, as 
l i my may pui mil i l nu i ni d ii l i yun i u sti i nu l at i un uf th e s e au 1 
toreactive T cell clones. The initiation of autoimmunity by 
such a mechanism could then lead to sensitization to other 
CNS self-antigens by determinant spreading (Lehmann et 
al.. 1992; Kaufman et al.. 1993; Tisch et al.. 1993). 

Structural characterization of the immunodominant 
MBP(85-99) peptide identified residues critical for MHC 
class II binding and for T cell receptor (TCR) recognition 
(Wucherpfennig et al.. 1994a). The MHC class II and TCR 
contact residues of the immunodominant MBP(85-99) 
peptide were then subjected to mutational analysis in or- 
der to define the set of amino acids permitted at each 
critical position. These structural criteria, together with the 
knowledge that amino acid side chains required for bind- 
ing to MHC molecules are degenerate, were used to 
search a protein sequence data base. Selected viral and 
bacterial peptides were tested for their ability to activate 
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human MBP(85-99)-specific T cell clones that had been 
established from blood T cells of MS patients. Of 129 pep- 
tides synthesized, seven viral peptides and one bacterial 
peptide that met the criteria were found to efficiently stimu- 
late MBP-specific T cell clones. These viral and bacterial 
peptides therefore act as molecular mimics of the immuno- 
dominant MBP(85-99) peptide. Molecular mimicry of this 
immunodominant self-peptide by viruses therefore pre- 
sents a possible mechanism for the induction of autoimmu- 
nity in MS. 



Results 

Structural Characterization of the Immunodominant 
T Cell Epitope of Human MBP 

Susceptibility to MS is associated with HLA-DR2 (DRA, 
DRB1M501, the most common subtype of DR2) (Spiel- 
man and Nathenson, 1982; Olerup et al., 1989). This MHC 
class II molecule may play a critical role in the immuno- 
pathogenesis of MS by presenting immunodominant self- 
peptides to autoreactive T cells. Following injection of 
MBP in experimental animals, T cells specific for immuno- 
dominant peptides of MBP mediate an inflammatory re- 
sponse in the CNS that can be accompanied by marked 
demyelination (reviewed by Zamvil and Steinman, 1990). 
In previous studies, two regions of human MBP were found 
to be immunodominant (residues 84-102 and 143-168) 
(Ota et al., 1990; Pette et al., 1990; Martin et al., 1990; 
Wucherpfennig et al., 1994a). Reactivity to the MBP(84- 
102) peptide was predominantly seen in subjects carrying 
HLA-DR2. Using L celt transfectants as antigen-present- 
ing cells, HLA-DR2b (DRA, DRBV1501) was found to 
serve as the restriction element for these MBP(84-102)- 
specific T cell clones. The MBP(84-102) peptide bound 
with high affinity to the HLA-DR2b molecule with two hy- 
drophobic residues serving as the primary anchors (Val-89 
and Phe-92 in the MBP(85-99) peptide) (Figure 1) (Wuch- 
erpfennig et al., 1994a; Vogt et al., 1994). At the first an- 
chor position, Val-89 could be substituted by other ali- 
phatic amino acids (leucine and isoleucine), as well as by 
methionine and phenylalanine; alanine was tolerated at 
this position but reduced the affinity of the peptide for HLA- 
DR?h At thg gpmnH anrhnr position all aliphatic: and 
aromatic residues were permitted; again alanine was toler- 
ated but resulted in a loss of binding affinity. 

A mutational analysis of putative TCR contact points 
demonstrated that Phe-91 and Lys-93 were the primary 
TCR contacts for the MBP(85-99)-specific clones; other 
residues such as Val-88 and His-90 were important for 
some clones but not for others. Substitution of Phe-91 by 
alanine abolished TCR recognition for all clones; some 
clones tolerated conservative substitutions (e.g., tyrosine 
or aliphatic amino acids) while other clones did not. Substi- 
tution of Lys-93 by arginine was tolerated by most T cell 
clones, but more drastic changes frequently resulted in a 
partial or complete loss of T cell reactivity. This analysis 
demonstrated that His-90, Phe-91, and Lys-93 were the 
primary TCR contact residues, while Val-89 and Phe-92 
were the primary MHC contact residues (Figure 1) 
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Figure 1 . Peptide Motifs Required tor MHC Class II Binding and TCR 
Recognition of the Immunodominant MBP(85-99) Peptide 
The MBP(88-97) segment is critical for MHC class II binding and TCR 
recognition by HLA-DR2- and HLA-DQ1 -restricted clones. Peptide resi- 
dues His-90, Phe-91, and Lys 93 appear to be critical TCR contacts 
for both sets of clones; hydrophobic amino acids are important for 
anchoring the peptide to the MHC class II molecules. Based on the 
recognition motifs and a detailed mutational analysis, molecular mim- 
icry motifs were defined for searching a protein data base for viral and 
bacterial sequences that fit these criteria. The different sets represent 
search criteria for different sets of clones with different preferences at 
TCR contact points (Val-88, His-90, Phe-91 . and Lys-93) Hydrophobic 
amino acids (aliphatic and/or aromatic) were specified for the two major 
MHC anchor residues (Val-89 and Phe-92). The following number of 
peptides were synthesized for each set: set 1, 24 peptides, set 2. 46 
peptides; set 3, 59 peptides. Random peptide sequences would be 
expected to match the motifs at the following frequencies: set 1,1 
40,000; set 2, 1 27,750. set 3, 1 3692 sequences 



Can Structural Motifs Be Used to Identify Viral 
Peptides That Activate MBP-Specific T Cells? 

RacoH r^n thic Qtnirlnral r h^rartPriTatinn nf thp immnnn. 

dominant MBP(85-99) peptide, a set of structural criteria 
(i.e., a molecular mimicry motif) was developed to search 
a protein data base for viral and bacterial peptides that 
matched these requirements. These search criteria fo- 
cused on the core region of the peptide, residues 88-93, 
which contained the MHC and TCR contacts common to 
all clones. In the first set, aliphatic amino acids were al- 
lowed at the first MHC anchor residue (Val-89); aliphatic 
and aromatic residues were permitted at the second MHC 
anchor (Phe-92). For the TCR contacts, Phe-91 was abso- 
lutely conserved, Lys-93 could only be substituted by argi- 
nine, while His-90 and Val-88 could be substituted by sev- 
eral structurally related amino acids (Figure 1). 

The second set of criteria omitted Val-88 as a TCR con- 
tact residue (used only by some clones) and also permitted 
aromatic ammo acids at the first MHC anchor (Val-89). 
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This was done since the MBP(85-99) peptide is pre- 
sented by different HLA-DR2 subtypes: presentation by 
DRB1 *1501 requires an aliphatic amino acid or phenylala- 
nine at this position, while aliphatic and all aromatic resi- 
dues at this position can serve as anchor for DRB1 * 1602 
(K. W. W. and J. L. S., unpublished data). This difference 
relates to the size of the primary pocket binding this hy- 
drophobic residue and is determined by the Val/Gly dimor- 
phism at DRP86 (Val in *1501 and Gly in *1602) (Busch 
et al., 1991; Brown et al, 1993). 

The third set represented a modification of the TCR con- 
tact residues preferred by a subgroup of MBP(85-99)- 
specific clones. For these clones, Lys-93 was absolutely 
conserved while Phe-91 could be substituted by some aro- 
matic or aliphatic amino acids (Figure 1). 

These search criteria also matched well with the struc- 
tural requirements for a HLA-DQ1 -restricted clone specific 
for the MBP(85-99) peptide. This clone required the same 
minimal peptide segment as DR2-restricted clones (resi- 
dues 87-97). As in the DR2-restricted clones, His-90, Phe- 
91, and Lys-93 appeared to be the primary TCR contact 
residues (unpublished data). Based on pool sequencing 
of naturally processed peptides bound to HLA-DQ1 , three 
hydrophobic positions (at position 1 , 4, and 7 relative to 
the first anchor; Val-89, Phe-92, and lie 95 in the MBP(85- 
99) peptide) are thought to contribute to binding (K. Falk 
and O. Rotschke, submitted). Substitution of these hy- 
drophobic positions by aspartic acid greatly diminished 
the stimulatory capacity of the peptide, while substitutions 
by other hydrophobic amino acids were tolerated. These 
data suggest that the MBP(85-99) peptide is bound in a 
similar fashion to HLA-DR2b and HLA-DQ1 and that the 
same peptide residues are critical for interaction with the 
TCR. 

These complex criteria were used to search protein data 
bases (PIR and SwissProt) using the Genetics Computer 
Group software (program: findpatterns). More than 600 
sequences of viral and bacterial origin were identified that 
matched these criteria. From this pool, sequences were 
selected based on the following criteria: one, viruses 
known to cause human pathology; two, viruses prevalent 
in the Northern Hemisphere where MS occurs most fre- 
quently; three, selected bacterial sequences associated 
wi t h i nf l ammatory CN S d i oooco (cuch ac Borro l i a bu r gd orf . 



MBP(85-99>-specific T cell clones that had been pre- 
viously established from blood T cells of two patients Aith 
relapsing-remitting MS (Wucherpfennig et al., 1994a, 
1994b). As previously, homozygous B cell lines that ex- 
pressed DR2 (DRBV1501 or DRB1M602) or DQ1 were 
used as antigen-presenting cells in these T cell prolifera- 
tion experiments (Wucherpfennig et al., 1994a) Seven 
clones were tested with the 70 viral/bacterial peptides from 
sets 1 and 2. As expected, all clones were activated by the 
MBP(85-99) peptide that served as the positive control 
Interestingly, three of the seven clones tested were also 
efficiently activated by several viral/bacterial peptides (Ta- 
bles 1 and 2, data for five clones are shown). The first clone 
(Hy.1B11) recognized the MBP(85-99) peptide on HLA- 
DQ1; clones Hy.2El1 and Hy.1G11 were HLA-DR2 re- 
stricted (Wucherpfennig et al., 1994a). Among the first 
70 peptides tested, three mimicry peptides stimulated the 
DQ1 -restricted clone; two mimicry peptides from Epstein- 
Barr virus (EBV) and influenza type A virus stimulated two 
of the DR2-restricted T cell clones (Table 1). Among the 
second group of peptides (set 3, 59 peptides), one mimicry 
peptide from human papillomavirus was identified for the 
DQ1 -restricted clone, while a reovirus peptide and a her- 
pes simplex virus peptide were identified for the DR2- 
restricted clones (Hy.2E11 and Hy.1G11, respectively) 
(Table 2; data not shown). This second group of peptides 
has not yet been tested with the other DR2-restricted 
clones. 

Taken together, the DQ1 -restricted T cell clone recog- 
nized five structurally related peptides: the immunodomi- 
nant MBP(85-99) peptide, three viral peptides (from 
herpes simplex, adenovirus type 12, and human papillo- 
mavirus) and a bacterial peptide (Pseudomonas aerugi- 
nosa). Two of the DR2-restricted clones were activated 
by four peptides. Both clones recognized the MBP(85- 
99) peptide as well as mimicry peptides from EBV and 
influenza virus. In addition, each clone recognized a viral 
peptide from reovirus (T cell clone Hy.2E1 1) and herpes 
simplex virus (clone Hy.1G11) (Table 2). 

Efficient T Cell Stimulation by Mimicry Peptides 

If viral/bacterial mimicry peptides are indeed important for 
the initiation of autoimmunity, they have to be capable 
of pptant T coll stimulation that rpsnlK in markpri rlnnal 



eri) and with invasive infections (such as Staphylococcus 
aureus, Klebsiella pneumoniae, and Pseudomonas aeru- 
ginosa). Not included were most viruses that cause infec- 
tions in tropical countries, sequences derived from vac- 
cinia virus as well as a large number of sequences from 
Escherichia coli, which is part of the normal intestinal flora 
When multiple antigenic variants were present, one or sev- 
eral sequences that best fit the search criteria were cho- 
sen. The selected peptides were synthesized by Pin- 
Technology on a 1 mg scale (Chiron Mimotopes, San 
Diego); 70 peptides were made for criteria sets 1 and 2 
(Figure 1) and 59 peptides for set 3. 

Activation of Human MBP(85-99)-Specific T Cell 
Clones by Viral Mimicry Peptides 

Peptides were tested for their ability to activate human 



expansion of autoaggressive T cell clones. The stimulatory 
capacity of the mimicry peptides was therefore compared 
with the MBP(85-99) peptide in a titration experiment (Fig- 
ure 2). The peptides were found to be efficient stimulators 
of these MBP-specific T cell clones; in particular, the EBV 
peptide (DR2-restricted clones) and the adenovirus pep- 
tide (DQ1 -restricted clone) were similar to the MBP(85- 
99) peptide in their stimulatory capacity. These results 
demonstrate that T cell mimicry is not the result of a minor 
degree of "cross-reactivity" but rather the result of struc- 
tural similarity sufficient for potent T cell activation. 

The efficient stimulation of MBP(85-99)-specific T cell 
clones by these peptides also argues against the presence 
of a small contaminating T cell population that responds 
to these peptides. To ensure that the peptides were indeed 
seen by a single T cell clone, both T cell clones were 
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Table 1. Screening of Frve MBP ( 85- 99 >- Specific T Cell Clones for Reactivity to a Panel of Viral/Bactenal Mimicry Peptides 



Peptide 


Sequence 


Source 


Hy.lB11 


Ob 1A12 


Ob 1C3 


Hy.2El 1 


Hy.lGl 1 


None 






6,090 


420 


452 


1.471 


200 


2 


ENPVVHFFKN I VTPR 




80,102 


32,631 


21 ,171 


70.350 


8.859 


3 


GMSL I HFLKGC I I SY 


Human papillomavirus 


4.751 


821 


769 


897 


234 


4 


SGFALHFFRLLPTAS 


tpsiem— Don vi r us 


3,850 


412 


391 


772 


160 


5 


FRQLVHFVRDFAQLL 


Herpes simplex virus 


20,164 


426 


402 


981 


157 


6 


YQT 1 1 HFARTLNRMY 


Parainfluenza virus type 2 


4 689 


393 


443 


531 


178 


7 


WRGI VHFLRYQGQEF 


Human papillomavirus 


4,344 


529 


436 


621 


197 


8 


SCTAAHF 1 KRF 1 KDG 


Rickettsia prowazekii 


5.443 


Ci? 

O** f 


438 


2 502 


219 


9 


TQRLAHFYRRrYTGAK 


Yersinia pseudotuberculosis 


4,902 


AaI 


442 


924 


1 43 


10 


1 VV 1 LFFFK 1 PQRLR 


Cytomegalovirus 


3,71 2 




490 


963 


1 75 


1 1 


YVVLVQFVKHVALFS 


Cytomegalovirus 


3,1 58 






81 5 


201 


12 


KSLVLNFAKNEELNN 


Staphylococcus aureus 


3.0B6 


407 




919 


204 


13 


NSNA 1 NFLKTWAKN 


Borellia burgdorferi 


3 684 


444 


442 


605 


199 


14 


TRPAAQFVKEAKGFT 


Klebsiella pneumoniae 


2 912 


419 


454 


797 


221 


15 


YEAMAQFFRGELRAR 


Herpes simplex 


4 626 


430 


400 


1 .058 


193 


16 


SPGLVQFARATDTYF 


Adenovirus type 40 and 41 


4 987 


474 


509 


1 ,235 


213 


17 


AC 1 VLFFARRAFNKK 


Human cytomegalovirus 


/ ,yoy 


O f O 


412 


959 


171 


18 


1 LGLLNFARNF 1 PNF 


Human spuma retrovirus 




415 


430 


936 


1 44 


19 


VVALVNFLRHLTQKP 


Human cytomegalovirus 


D, 1 UO 


401 


408 


926 


154 


20 


PVHLLNFARLDL 1 KQ 


VarizeMa— Zoster virus 


5 620 


340 


437 


856 


163 


21 


FRDLLNF 1 RQKLCUb 


Human cytomegalovirus 


2,61 9 


426 


510 


967 


144 


22 


DLRVLNr- 1 1 fW 1 r 


1 n f 1 1 ion 7 ^ A irjpi ic 

iniiUcnzd r\ virus 


3,51 7 


486 


451 


741 


191 


23 


TVDVANFLRAYSWSD 


Marburg virus 


i ten 


434 


427 


1 045 


175 


24 


LQKALNFVRMGDRF 1 


Staphylococcus aureus 


4,868 






977 


213 


25 


TLLL 1 FFYRFMRPL 1 


Staphylococcus aureus 


3,884 


Aon 




834 


200 


26 


HELLANFLRQQGGVR 


Pseudomonas aeruginosa 


3,738 


388 




987 


195 


27 


SDDF 1 HFFKAKSYDD 


Dhori virus 


3,373 


4o 1 




879 


651 


28 


LVDEAHF 1 KKEAFNT 


Human cytomegalovirus 


3,553 


425 


429 




208 


29 


TGGVYHFVKKHVHES 


Epstein-Ban virus 


3,667 


503 


435 


AC £11 


B,3l 3 


30 


EACNAHFWRDLQGEA 


Herpes simplex virus 


3,51 7 


494 




1 214 


224 


31 


IGSQVHFYRDLSS1N 


Human papillomavirus 


2.562 


398 


456 


1.172 


207 


32 


EQVLFHFARKNGVMR 


Human papillomavirus 


5,127 


510 


421 


1.115 


189 


33 


PLGR 1 HFFRRGFrYTL 


Human cytomegalovirus 


6,459 


231 


417 


973 


122 


34 


1 S 1 FLHFVR 1 PTHRH 


LCMV 


8,921 


342 


341 


944 


162 


35 


NGQY 1 HFYREPTD 1 K 


LCMV 


4,408 


371 


401 


948 


209 


36 


SGCYVHFFREPTDLK 


Lassa virus 


4,687 


359 


388 


1,094 


175 


37 


QESYAHF 1 RDSVGLP 


Adenovirus type 7 


4.307 


415 


399 


957 


245 


38 


SKYLYHYLRTLALGT 


HTLV-I 


4,404 


326 


468 


1,049 


159 


39 


NFEDWHYAKFGFTPL 


Human corona virus 


4,809 


434 


367 


944 


184 


40 


LAYSLNFLKV 1 QQ 1 L 


Measles virus 


5,383 


443 


393 


936 


223 


41 


DFEVVTFLKDVLPEF 


Adenovirus type 12 


57,504 


393 


445 


1 ,148 


194 

{continued) 



recloned by limiting dilution. The subclones had the same 
specificity for MBP(85-99) and for the viral peptides as 
the parental T cell clones. Two subclones were obtained 
fnr HyiRH iDOl restriction!: these reacted with the 
MBP(85-99) peptide as well as with the herpesvirus, ade- 
novirus, and Pseudomonas peptides (the papillomavirus 
peptide from the second synthesis was not tested on the 
subclones). One subclone was obtained for Hy.2E1 1 (DR2 
restriction); this clone reacted with MBP(85-99) as well 
as with the EBV and the influenza peptides as did the 
parental clone (the reovirus peptide from the second syn- 
thesis was not tested). In addition, previous polymerase 
chain reaction (PCR) analysis of these T cell clones using 
a pane! of TCR Vet and Vp* family-specific primers had 
indicated that they represented clonal populations (Wuch- 
erpfenniget at., 1994b). Surface staining of clone Hy.lGl 1 
with a monoclonal antibody specific for the V017.1 seg- 
ment (MAb C1 , Friedman et ai., 1 991 ) showed that all cells 
expressed the V017.1 segment, proving that it repre- 
sented a clonal population. 



Mimicry Peptides Have Conserved Features but Are 
Quite Distinct from the MBP Peptide 

Comparison of peptide sequences that stimulate the same 
TCR revealed several interesting points. First, only one 
peptide (from human papillomavirus L2 protein) had strik- 
ing sequence similarity with the MBP(85-99) peptide, in that 
all amino acids in the MBP(89-95) segment except position 
94 (asparagine to aspartic acid) were identical (Table 2). 
For all other sequences, simple alignment would not have 
predicted them to be efficient stimulators of MBP{85-99)- 
specific T cell clones. Second, at positions not specified 
by the search criteria, the selection for particular amino 
acids was apparent (Table 2). For example, for the DQ1- 
restricted clone, aspartic acid was selected at position 94 
(probably a TCR contact) in all four mimicry peptides. This 
position is occupied by asparagine in the MBP peptide 
(similar size, but no negative charge). Substitution of Asn- 
94 for aspartic acid in the MBP peptide markedly increased 
its stimulatory capacity for the DQ1 -restricted clone but 
reduced it for the DR2-restricted clone Selection also oc- 
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Table 1 . {continue^ 



Peptide 


Sequence 


Source 


Hy.lBll 


Ob.1A12 


Ob.lC3 


Hy.2El 1 


Hy 1G1 1 


" 

42 


DTI V/l APUKTPAVI A 
K I LVLnrVMOMVLn 


Adenovirus type 2 


3,756 


405 


400 


962 


156 


43 


Tl UY/IPP\7KI nvAnT 
1 LMY l rrvrvLUTMu i 


f^rtv^afktA AQ vnn ic 


3,41 1 


427 


451 


744 


188 


44 


UCfUATCI KNPFftAF 
VtuVAl rLWirrunr 


nuiuaii t* y iui i r try d i u w n 


3, 1 37 


426 


458 


786 


148 


45 


VuuVVjrLMlrruuu 


Unman KArrtAe uinic fi 
iMJiiiaii i ttji viiud o 


3.710 


338 


469 


774 


193 


46 




ft LJI 1 lul 1 L>w ItJI 1 alVJV IIUo 


3,936 


371 


416 


921 


203 


47 


VLPtLLtr LrvUTiabn l_ 


P r-»c1 o i n R q rr win ic 

e (Jo It? II I — Dal 1 VII U9 


3 913 


371 


410 


1 ,055 


201 


48 


1 W i VLvr vr\ou 1 1- L. T 


Hepatitis A virus 


4,472 


374 


430 


1 .088 


197 


49 


u r 1 HALT T ftnu rMoO 


r it, pa u u j \s vii uo 


4, 180 


397 


418 


1 .332 


168 


50 


f ri a a i eVtfLJtf CKJ ft? 


Hepatitis C virus 


3 581 


360 


468 


987 


202 


51 


TRNLVffrV^MjNoYr 


Influenza A virus 




371 


399 


567 


183 


52 


uni.ii \ r\Ajr~ ■ i/l/UTDVO 

YRNLVffr 1 r\KN I KYK 


Influenza type A virus 


o,y i i 


368 


420 


45 094 


5,885 


53 


HI 0\i| C* ZZ I V^T1/\A/D 

DLKVLbr 1 Kb I KWr 


Influenza A virus 


a e; 
1 o 


406 


414 


438 


214 


54 


c^di i net if 1 ecu 


Influenza A virus 


3 982 


380 


488 


720 


205 


55 


re | i | nPPKKflNH 
bC 1 L 1 Urrn^VltlLOn 


Infli ion?3 v/i n *c 

IMIlUt7ll£a V«r VlliiO 


4 908 


355 


425 


884 


161 


EC 

3D 


V/I Al 1 TFFKFTAI AP 
VLnL 1 f rrrvi 1 MLnr 


lidpal ItTot? cl li^t^^l 1 al llld VllUZ> 


111 89 


329 


415 


1 ,128 


1 59 


57 


i i nui cePkfiT i i hid 


Newcastle disease virus 


3 695 


389 


392 


1 121 


195 


oo 


PAAUVRFYKRdnMRF 


Human papillomavirus 


3 428 


365 


410 


587 


161 




NQWAAAPI K^M^riAK 


nUriia'i fJa^Jiiivii laVii 


3 698 


433 


476 


665 


189 


art 


Tl n 1 1 VFI KTFfifil 1 


P^rQinf1iiAn7^ \/iriic tvrva ^ 
r al all 1 1 1 l£- a VII Uo I jfJV *J 


4 138 


399 


499 


708 


206 


61 


Dl PMV/TFI KDFl RKK 

L/Lr Wl V 1 rLi\L/LLr\r\n 


Rhinovirus type 89 


4 375 


365 


426 


453 


21 1 


62 


PKAAALFAKTYNLVP 


Sindbis virus 


4,156 


404 


443 


571 


200 


63 


DTKLAGFLKHYNSVW 


Rotavirus 


4,185 


398 


376 


775 


169 


64 


FV 1 VLPF 1 KAQNYG 1 


Rotavirus 


4,350 


399 


468 


1,015 


212 


65 


YARVI DFAKFRE IAD 


Campylobacter jejuni 


2,769 


379 


447 


1,034 


181 


66 


EQFKAHYFRNVTKGE 


Hemophilus influenza 


2,961 


312 


392 


628 


132 


67 


PRAAAAFVKFNCAAL 


Klebsiella 


5.096 


355 


364 


631 


134 


68 


ERFLARFVKDYGRPA 


Pseudomonas aeruginosa 


4,894 


350 


374 


899 


143 


69 


APGAI LFAKAKHEVG 


Pseudomonas aeruginosa 


3.965 


390 


305 


983 


163 


70 


DRLLMLFAKDVVSRN 


Pseudomonas aeruginosa 


32,872 


311 


373 


887 


169 


71 


NQEAAGF 1 KHFEQLL 


Staphylococcus aureus 


3,830 


345 


413 


956 


202 


72 


EEKLLAFAKADKTYS 


Streptococcus pneumoniae 


4,916 


325 


445 


1,061 


191 



The MBP(85-99) peptide (peptide 2) was used as a positive control; mimicry peptides 3-26 were from peptide set 1, mimicry peptide 27-72 from 
peptide set 2. T cell clone Hy.1B11 is HLA-DQ1 restricted, clones Ob.1A12, Ob 1C3, Hy.2E!1, and Hy.1G11 are HLA-DR2 restricted. Irradiated 
homozygous B cell lines were used as antigen-presenting cells: 9001 (DQl) for clone Hy.1B11; MGAR (DR2 [DRB1*1501J) tor clones Ob 1A12, 
Ob.1C3, Hy6.2E11, and Hy.1G11. B cells were pulsed with peptides for 2 hr at a concentration of approximately 60 Mg/ml (clones Hy .1911. 
Ob.1A12, and Hy.1G11) and at approximately 12.5 Mg/ml for clones Ob.lC3 and Hy.2El1. After the 2 hr pulse, T ceils were added (50 x 10V 
well; final peptide concentrations: 12.5 ng/ml and 3.1 Mg/ml, respectively). Numbers represent incorporation of pHJthymidine that was determined 
after a 3 day culture period. Two other T cell clones (Hy.2B6 and Ob.3Dl) were also tested and responded only to the MBP(85-99) peptide (data 
not shown). 



curred at the neighboring MHC contact (lle-95) for which 
isoleucine, valine, or phenylalanine were selected (all hy- 
drophobic). Third, different selection events occurred for 

tho nm. anH tha, nR9-roctr^toH H^noc- -at p^clt.^n Q/1 

(selection of aspartic acid [negative charge] for DQ1 pep- 
tides), a positive charge (lysine) was selected in two of the 
three mimicry peptides presented by DR2. Fourth, in the 
flanking segments (residues 85-87 and 97-99), no appar- 
ent selection took place as amino acids with different size 
and charge were allowed. 

The majority of the viruses are common human patho- 
gens: influenza type A frequently causes respiratory tract 
infections; human papillomavirus infects epithelial tissues 
and has been linked to cervical carcinomas; EBV causes 
an acute viral syndrome (infectious mononucleosis) in 
young adults. Human herpesvirus I (herpes simplex), EBV, 
and human papillomavirus cause latentypersistent infec- 
tions; the respective reservoirs are neurons (herpes sim- 
plex), B cells (EBV), and epithelial cells (papillomavirus) 
Virus expression can be reactivated by UV exposure and 



stress (herpes simplex) and by B cell activation (EBV) 
(Schwarz et al., 1985; Epstein and Achong, 1977; 
Spruance, 1 985; Tovey et al., 1 978). For the induction and 
m ai nt e n a nce of an auto i mmuno rooponoo, theoc per s ia 
tent viral infections are of particular interest as they could 
explain the chronicity of the clinical disease and the clonal 
expansion and persistence of MBP-specific T cells Reac- 
tivation of viral expression may also be involved in trig- 
gering clinical relapses. By this mechanism, viral mimicry 
peptides could activate resting MBP-specific T cells in pe- 
riphery and allow them to invade the CNS (Figure 4). 

Presentation of a Naturally Processed 
Viral Mimicry Peptide 

Are these mimicry epitopes actually presented to autore- 
active T cells during a viral infection? The mimicry peptide 
from the EBV DNA polymerase allowed this question to 
be addressed. In EBV-transformed B cells (which were 
used as antigen-presenting cells in the T cell assays), the 
lytic viral cycle is repressed. The DNA polymerase gene 
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Table 2 Sequence Alignment of Viral/Bacterial Mimicry Peptides 
That Stimulate MBP-Specific T Cell Clones That Are DQl or DR2 
Restricted 



Peptides Recognized by Clone Hy.lB11 (D01 Restricted) 

SS 90 94 99 

MBP(85-99) ENPVVHFFKN I VTPR 

Herpes simplex, UL15 protein FRQLVHFVRDFAQLL 

Adenovirus type 12, ORF DFEVVTFLKDVLPEF 

Pseudomonas, phosphomannomutase DRLLMLFAKDVVSRN 

Human papillomavirus type 7, L2 protein I GGR VHFFK DISP I A 

Peptides Recognized by Clone Hy.2E11 (DR2 Restricted) 

85 90 M 99 

MBP(85-99) ENPVVHFFKN I VTPR 

EBV, DNA polymerase TGGVYHFVKKHVHES 

Influenza type A, hemagglutinin YRNLWVF I KKNTRYP 

Reovirus type 3, Sigma 2 protein MARAAFLFKTVGFGG 

Peptides Recognized by Clone Hy.1Gt1 (DR2 Restricted) 



MBP(85-99) 
EBV, DNA polymerase 
Influenza type A, hemagglutinin 
Herpes simplex, DNA polymerase 



ENPVVHFFKN I VTPR 
TGGVYHFVKKHVHES 
YRNLVWF I KKNTRYP 
GGRRLFFVKAHVRES 



Only the human papillomavirus peptide has obvious sequence similar- 
ity with the MBP(85-99) peptide (residues identical in the 89-95 seg- 
ment are underlined). All mimicry peptides that stimulate the DQ1- 
restricted clones have aspartic acid (D) at position 94 (a putative TCR 
contact); hydrophobic residues were selected at position 95 (a putative 
MHC contact). In contrast, two of three mimicry peptides for the DR2- 
restricted clones have a positive charge (lysine) at position 94. 



is not transcribed in this latent state; however, B cell activa- 
tion results in activation of the lytic cycle and in the expres- 
sion of the DNA polymerase gene (Datta et al., 1980). To 
examine MHC class li-restricted presentation of the EBV 
DNA polymerase, an HLA-DR2 + EBV-transformed B cell 
line (MGAR) and an MHC-mismatched control (9001 , HLA- 
DR1) were pretreated for 36 hr with phorbol ester, which 
was removed by extensive washing prior to coculture of 
antigen-presenting cells with T cells. T cell clones Hy.2E1 1 
and Hy.1 G1 1 , which recognize the EBV DNA polymerase 
peptide presented by HLA-DR2, were activated by a HLA- 
DR2* EBV-transformed B cell line pretreated with phorbol 
ester. This effect was specific because MHC-mismatched 
B cells did not activate the clones; also, a control clone 
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Figure 2. Efficient Stimulation of MBP(85-99>-Specific Clones by 
Mimicry Peptides 

Peptides were compared with the MBP(85-99) peptide in a titration 
experiment. The top panel shows the DR2-restricted clone (Hy.2E11) 
with MGAR (DRB1 * 1 501 ) as antigen-presenting cells, while the bottom 
panel shows the DQ1 restricted clone (Hy.1B11) with 9001 (DQ1) as 
antigen-presenting ceils B cells were pulsed with peptides for 2 hr, 
washed, and cocultured with T cells tor 3 days. Numbers represent 
cpm of incorporated 1 3 H]thymidme as a measure of T cell proliferation. 



stimulatory for clone Hy.2E1 1 . These two viral sequences 
were derived from the hemagglutinin subtype H13 (there 
are 13 serologically defined hemagglutinin subtypes of 
influenza type A) (Chambers et al., 1989). These hemag- 
glutinin peptides differed at four positions: the first substi- 
tution was at position 92 (isoleucine for valine), which an- 
chors the peptide to DR2; the other substitutions were at 



(Ob.1A12) that recognized MBP(85-99) but not the EBV 
peptide was not activated (Figure 3). In a separate experi- 
ment, T cell activation was blocked by a MAb specific for 
HLA-DR (MAb L243) but not by a MAb specific for HLA-DQ 
(G2a.5). These results demonstrate that the MBP-specific 
T cell clones recognize not only the viral peptide but also 
antigen-presenting cells infected with the virus. In vivo, 
this recognition event could lead to chronic antigenic stim- 
ulation of MBP-specific T cells as B cell activation results 
in the reexpression of EBV genes, including the DNA poly- 
merase gene. 

Viral Variants Differ in Their Capacity to Activate 
MBP-Specific T Cell Clones 

Two peptides from different strains of influenza type A 
matched the initial search criteria; only one of them was 



positions 95-97 (Table 3). Single ammo acid substitutions 
demonstrated that the change at position 97 (arginine to 
serine) was responsible for the loss of reactivity (T able 3). 
This was surprising since threonine is present in the MBP 
peptide (which is structurally similar to serine) and since 
peptide position 97 was not subject to strong selection 
among the mimicry peptides (the stimulatory peptides 
have threonine, histidine, arginine, or phenylalanine at this 
position). Therefore, it is likely that this substitution affects 
the overall peptide conformation as described for MHC 
class l-bound peptides (Madden et al., 1993). These ef- 
fects on the overall peptide conformation are probably re- 
sponsible for the fact that the majority of viral peptides do 
not stimulate MBP(85-99)-specific clones. 

The observation that certain viral strains are capable of 
stimulating MBP-specific T cells while other strains are 
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Ob hla-dkz Restriction Ftgure 3 Recognition of the Natural Pro 

cessed EBV DNA Porymerase Peptide 
MBP-Spectfic T Cells Following Reactivation 
of EBV Transcription in B Cells 
The EBV lytic cycle is suppressed tn EBV 
transformed B cells; however. B cell activation 
results in reactivation ot the lytic cycle and m 
transcription of the DNA polymerase gene A 
HLA-DR2 B cell line (MGAR) and a MHC- 
mismatched control (9001. HLA-DR1) were 
pretreated with phorbol ester (PMA. 25 ng/ml 
for 36 hr). washed, and cocultured with 
MBP(85-99)-specific T cell clones T cell ctone 

Hy 2E11 recognized both the MBP(85-99) and the EBV DNA polymerase peptide; clone Ob 1A12 that recognized only MBP(85-99) in the contort 
of HLA-DR2 served as a control. Clone Hy.2Ell was activated by phorbol ester-pretreated B cells that expressed HLA-DR2 but not by MHC- 
mismatched B cells. In a separate experiment, this effect could be blocked by a MAP specific for HLA-DR (L243) but not by a MAb specific for 
HLA-DQ (G2a.5). T cell done Hy.lGll that also recognized MBP(85-99) and the EBV DNA polymerase peptide were also activated by phorbol 
ester-pretreated, HLA-DR2* B cells (data not shown). T cell proliferation assays were performed as described in Table 4. 
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not may be important in defining the epidemiology of the 
disease. "Epidemic" outbreaks of MS have been noted 
(for example on the Faroe islands [Kurtzke and Hyllestad. 
1979]) that may be related to particular viral strains that 
possess strongly cross-reactive T cell epitopes. These re- 
sults also indicate that epidemiological studies will have 
to take viral subtypes and viral antigenic variation into ac- 
count, influenza viruses are among the interesting candi- 
dates as presentation of the influenza hemagglutinin (from 
which the mimicry peptide is derived) by MHC class II 
molecules is well documented (Brown et al., 1991). 

MBP(85-99) and Its Viral Mimicry Peptides Are 
Efficiently Presented by the Disease-Associated 
DR2 Molecule 

The presentation of the viral mimicry peptides by different 
DR2 subtypes was compared to determine whether they 
are efficiently presented by the disease-associated mole- 
cule (DRB1 '1501, the most common DR2 subtype). The 
MBP peptide was presented by three of the four DR2 sub- 
types; the peptide was not presented by DRB 1*1601, 
which differs from DRB1 * 1602 by a single amino acid sub* 
stitution (at position DRp67, a possible TCR contact). The 
two viral peptides were presented much better by the 
DR15 molecules (DRB1 * 1 501 and 1 502, which differ only 
at position DR086) than by DRB1 * 1 602. This was particu- 
lariy evident Tor tne innuenza peptide, whicn only activated 
the T cell clone when presented by the DRB1 * 1501/1502 
molecules but not by DRB1 * 1 602 (Table 4). These results 
indicate that the viral mimicry peptides identified here are 
more effectively presented by the MS-associated DR2 
molecules (DRB1 * 1 501/1 502). 

Discussion 

This study establishes that some TCRs actually recognize 
not a single peptide but rather a limited repertoire of struc- 
turally related peptides derived from different antigens. 
This was true for three of the seven MBP(85-99)-specific 
T cell clones studied. One of these clones recognized five 
different peptides; the other clone recognized four pep- 
tides from different antigens. This recognition did not 



merely represent a minor degree of cross-reactivity, since 
these peptides efficiently activated the MBP(85-99)- 
specific clones. The other T cell clones were probably neg- 
ative because the search criteria had focused only on the 
core region of the peptide (residues 88-93) that contained 
the most important MHC and TCR contact points common 
to all clones. Several clones for which no mimicry peptides 
were identified do, however, need a longer peptide seg- 
ment than the positive clones (residues 85-97 versus resi- 
dues 87-97). It is therefore likely that mimicry peptides 
could also be identified for these clones if all positions of 
the peptide were subjected to a detailed mutational analy- 
sis. As only a small fraction of the peptides that matched 
the criteria were synthesized, it is likely that many more 
peptides capable of activating MBP(85-99)-specific T cells 
could be identified. 




Figure 4 Proposed Mechanism for Activation of MBP-Specific T Cells 
in the Peripheral Immune System by Molecular Mimicry 
Since only activated T cells can cross the blood-brain barrier, activa- 
tion of T cells specific for CNS-speofic antigens occurs in the periph- 
eral immune system in the absence of the self-antigen. Viral peptides 
with sufficient structural similarity to the immunodominant MBP pep- 
tide activate these autoreactive T celts allowing them to undergo clonal 
expansion and CNS infiltration Recognition of the MBP peptide in the 
CNS initiates the autoimmune destruction of myelin in the white matter 
(modified after Wucherpfenmg et at , 1991) 
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Table 3. Antigenic Variation of Viral Epitopes Determines Capacity 
for T Cell Stimulation by Molecular Mimicry 



MBP(85-99) 


ENPVVHFFKNI VTPR 


Influenza peptide 52 (Stimulatory) 


YRNLVWF 1 KKNTRYP 


influenza peptide 51 (Nonstimulatory) 


YRNLVWFVKKGNSYP 


Point mutation position 92 (lie to Val) 


VRNI VWFVKKNTRYP 


Point mutation position 95 (Asn to Gly) 


VRNI \/WF 1 KKGTRYP 


roini muidtion position ifo \ i nr 10 Msnj 


VRNI VWF 1 KKNNRVP 


Point mutation position 97 (Arg to Ser) 


VDwi wwc I KtfMTCVP 
TKMLVnr 1 r\Mi 1 Di r 




Hy.2E11 


No Peptide 


1,025 


MBP{85-99) 


40,532 


Influenza peptide 52 


20,116 


Influenza peptide 51 


805 


Influenza peptide 52 (92 Val) 


16,070 


Influenza peptide 52 (95 Gly) 


13,998 


Influenza peptide 52 (96 Asn) 


14,604 


Influenza peptide 52 (97 Ser) 


1,299 



Two influenza type A hemagglutinin peptide sequences obtained from 
different viral isolates matched the search criteria; one of these se- 
quences stimulated the DR2-restricted clone, the other peptide did 
not. Using single amino acid substitutions of the four positions different 
between these two peptides, the defective stimulation of peptide 51 
was mapped to position 97 (Arg to Ser). These results indicate that 
antigenic variation of viruses can have a profound influence on molecu- 
lar T cell mimicry. Numbers represent cpm of incorporated pHJthymi- 
dine as a measure ot T cell proliferation (mean of triplicates). 



It was, however, surprising that the majority of peptides 
did not result in T cell activation. Most likely, amino acid 
substitutions at single positions have only limited pre- 
dictive value as the simultaneous substitution of multiple 
neighboring positions may profoundly affect the peptide 
conformation. This has been elegantly demonstrated for 
MHC class l-bound peptides by comparing the crystal 
structures of HLA-A2 complexed with five different pep- 
tides (Madden et al., 1993). The effect of multiple simulta- 
neous substitutions on peptide conformation makes pep- 
tides structurally more unique than appreciated by simple 
sequence comparison. The power and the novelty of the 
approach chosen in the present study is, however, demon- 
strated by the fact that the stimulatory mimicry peptides 
identified only have limited primary sequence similarity 
and would not have been predicted (with the exception of 
the papilloma virus peptide) based on simple alignments 
between MBP(85-99) and viral antigens. A better under- 
standing of the structural consequences of multiple simul- 
taneous substitutions on peptide conformation will cer- 
tainly enhance the predictive power of this approach. 

How specific is T cell recognition of MHC-peptide com- 
plexes? The molecular mimicry hypothesis postulates that 
there is significant cross-reactivity between viral T cell epi- 
topes and human self-peptides. At first sight, TCR recogni- 
tion appears to be exquisitely specific, since even minor 
substitutions in a T cell epitope can diminish or abrogate 
T cell activation (Reay et al., 1994). Several lines of evi- 
dence do, however, indicate that there is a significant de- 
gree of cross-reactivity. In shaping the TCR repertoire, 
two conflicting requirements have to be met. The first is 
comprehensive coverage of pathogen-derived epitopes by 



Table 4 Presentation of Viral Peptides by Subtypes of the 
Disease- Associated HLA-DR2 Molecule 



Peptide 


DRB'1501 DRB'1502 


DRBM601 


DRB'1602 


No peptide 


310 


1.064 


360 


423 


MBP(85-99) 


11,487 


10.189 


601 


14.557 


EBV peptide 


12,005 


11.277 


521 


3.389 


Influenza peptide 


6.266 


10,079 


456 


412 



B cell lines homozygous for different DR2 subtypes (DRB1M501, 
1502, 1601, and 1602) were compared for their ability to present viral 
mimicry peptides. B cell lines were pulsed with peptides at a concentra- 
tion of 60 Mg/ml for 2 hr, followed by washing to remove free peptide 
Irradiated B cells (25 x 10*) were cocultured with 50 x 10 s T cells 
for 3 days T cell proliferation was quantitated by ( s H]thymidine incorpo- 
ration Numbers represent cpm of incorporated [ 3 HJthymidine as a 
measure of T cell proliferation (mean of triplicates) 



production of a large panel of specificities that can deal 
with the rapidly changing antigenic composition of patho- 
gens. The second is elimination of TCRs that react with 
self-antigens that could initiate autoimmune responses. 
However, tolerance achieved by clonal deletion cannot be 
complete due to the complexity of self-antigens expressed 
in some organs, in particular the brain. The T cell receptor 
repertoire generated represents a compromise between 
these conflicting needs and allows a certain degree of 
self-reactivity in return for reasonably comprehensive cov- 
erage of foreign antigens. 

Cross-reactivity is part of the positive selection process 
in the thymus that selects T cells with low affinity for self- 
MHC molecules (plus peptide) and deletes T cells with 
higher affinity for their ligand (Kappler et al. f 1 987; Kisielow 
et al., 1988; Sebzda et al., 1994). The relatively high fre- 
quency of alloreactive T cells also indicates that T cell 
recognition is not absolutely specific. Cytotoxic T cells spe- 
cific for an EBV peptide bound to HLA-B8 were found to 
cross-react with HLA-B44 (Burrows et al., 1994). This allo- 
reactivity is probably the result of molecular mimicry be- 
tween the HLA-B8-bound EBV peptide and a HLA-B44- 
bound self-peptide that remains to be identified. 

Molecular mimicry may also be an important mechanism 
in experimental autoimmune diseases. Immunization of 
Lewis rats with complete Freund's adjuvant induces a 
strong T cell rp^pnnqe tn a myrnhartPrial hpat Qhnrk prn. 
tein 65 (hsp65) peptide. Hsp65-reactive T cell clones medi- 
ate arthritis by cross-reacting with a joint proteoglycan (van 
Eden et al., 1985, 1988). While the cross-reacting joint 
peptide remains to be biochemically defined, molecular 
mimicry between hsp65 and a joint proteoglycan appears 
to be the underlying pathogenetic mechanism. Significant 
sequence similarity had also been noted between a T cell 
epitope of rabbit MBP and hepatitis B virus. Administration 
of this hepatitis B virus peptide was found to induce histo- 
logical signs of CNS inflammation and T cell reactivity to 
MBP in a polyclonal population (Fujinami and Oldstone, 
1985). 

The diverse nature of the molecular mimicry peptides 
and the ubiquitous presence of some of these pathogens 
may make it difficult to establish a direct epidemiological 
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link between these viral infections and the occurrence of 
MS. In addition, the temporal relationship between a viral 
infection and the initiation of MS is not clear in most cases, 
as the clinical diagnosis is frequently made at a time when 
magnetic resonance scans demonstrate a relatively large 
number of old lesions (Stadt etal., 1990). It may, however, 
be possible to directly demonstrate the causal relationship 
in patients with postinfectious encephalomyelitis by estab- 
lishing both virus-specific and MBP-specific T cell clones. 
The importance of molecular mimicry could also be dem- 
onstrated in MS patients with a recent viral infection (high 
IgM antibody titers to a particular virus) and magnetic reso- 
nance scans indicative of a recent onset of disease. 

The diverse nature of the viral peptides that stimulate 
MBP(85-99)-speciftc T cell clones makes it unlikely that 
a single virus is responsible for initiating autoimmunity in 
MS. The observation that several pathogens carry mimicry 
epitopes of MBP(85-99) could explain why it has been so 
difficult to link the immunopathogenesis of MS to a single 
viral agent. Rather, it appears that a group of common 
viral pathogens, in particular the herpes virus family (EBV, 
herpes simplex, and cytomegalovirus), influenza viruses, 
and papillomaviruses could be involved in initiating the 
autoimmune process. This notion is supported by clinical 
and epidemiological data that suggest the involvement of 
several pathogens; the observation that oligoclonal immu- 
noglobulins in the cerebrospinal fluid of MS patients are 
specific for several different viruses also points in this di- 
rection (Kurtzke, 1 985; Baig et al., 1 989). Childhood immu- 
nization against viral pathogens that carry mimicry T cell 
epitopes may reduce the risk of developing MS later in 
life. Genetic modifications of viral vaccines that eliminate 
proven mimicry epitopes could make viral vaccines safer 
and reduce the frequency of postvaccinal encephalomy- 
elitis. 

Experimental Procedures 
Cell Lines 

Homozygous EBV-transformed B cell lines used were the following 
MGAR (DRB1 M501), 9011 (DRB1 *1502). 9009 (DRB1 * 1601), 9016 
(DRB1M602), and 9001 (DQ1 [DQAT0101, DQBV0501]). 

Peptide Synthesis 

Mimicry peptides were synthesized on a 1 mg scale using the Multipm 
Peptide Synthesis System (Chiron Mimotopes). Peptides were synthe- 
sized on pins with a cyclic dipeptide (diketopiperazine, DKP) group 
attached to the C-terminus of the peptide that allowed cleavage m 
aqueous solution at a neutral or slightly basic pH. Peptide synthesis 
was monitored by including a standard peptide sequence as a control, 
which was subjected to HPLC and mass spectroscopy analysis The 
immunodominant MBP(85-99) peptide was also included as a positive 
control for the T cell experiments. 

Pin peptides were lyophilized and resuspended at a concentration 
of 2 mg/ml in 40% acetonitrile, 100 mM HEPES <pH 7.4). These condi- 
tions allowed the majority of peptides to be completely solubilized. 
Preliminary experiments had indicated that adding acetonitrile to a 
final concentration of 2% or less had no detrimental effect on the 
degree of T cell stimulation observed in the proliferation assay 

Viral and bacterial peptides that stimulated MBP(85-99)-specific 
clones were resynthesized by conventional methods (free C-termmus 
instead of the DKP group); the identity of peptides was further con- 
firmed by mass spectroscopy (using a API III Sciex lonspray Spectrom- 
eter) and by amino acid analysis. 



Cloning of MBP(ft4-102)-Speclfic T Cells 

Previously established MBP-specific T cell clones specific for the im- 
munodominant MBP(85-99) peptide were used in this study (Wucherp- 
fennig et al., 1994a, 1994b) These clones had been generated from 
blood mononuclear celts of two patients with relapsmg-r emitting MS 
carrying HLA-DR2 (DR2 subtypes DRB1M501 for patient Ob 
DRB1 * 1602 for patient Hy) In both patterns, the T cell response was 
focused on the immunodominant MBP(84-102) pepttde T cell lines spe- 
cific for MBP had been generated from blood mononuclear cells by 
stimulation with MBP (100 ug/ml) in RPMI 1640 supplemented with 10«* 
human serum, 2 mM L-glutamine. 10 mM HEPES. 100 U/100 ug/ml 
penicillin/streptomycin in 96-well plates at 2 x 10 1 cells/well (Ofa et 
al., 1990). On day 3, IL-2 was added to 5% (Human T-Sttm. Becton 
Dickinson, Bedford, MA). On day 14, an aliquot of each cell (me was 
assayed for reactivity to human MBP followed by proliferation assays 
with a panel of 13 synthetic peptides encompassing the human MBP 
sequence. Following a third round of stimulation (generally two stimula- 
tions with MBP and one stimulation with peptide). T cell lines were 
cloned by limiting dilution using allogeneic feeder cells and phyiohe- 
magglutinin (PHA) (1 ug/ml) (Murex Diagnostics. Dartford, England) 
for stimulation. Allogeneic MNC were irradiated with 5000 rad and 
cocultured in 96-well plates (10 s cells/well) with T cells. IL-2 was added 
on day 3, and cells were fed every 3-4 days with media containing 5<H> 
IL-2-containing supernatant. On day 12-14, growth-positive wells were 
expanded by restimulation with PHA, IL-2, and allogeneic feeder cells 
Recloning of MBP-specific clones was also done by limiting dilution 
using allogeneic feeder cells, PHA. and recombinant human IL-2 
(Boehringer Mannheim). Clones were maintained by weekly stimula- 
tion with irradiated allogeneic feeder cells, PHA, and rlL-2. Alterna- 
tively, clones were expanded by stimulation with MBP(85-99) peptide- 
pulsed B cells and rlL-2. 

T Cell Proliferation Assays 

T cell proliferation assays were done using EBV-transformed homozy- 
gous B cell lines as antigen-presenting cells B cells were irradiated 
(5000 rad) and pulsed with peptide for 2 hr prior to addition of T cells. 
For screening of pin-peptides, 25 x 10 3 B cells were added per well 
of a 96-well microtiter plate in a 50 u.1 volume (in triplicates). Peptide 
was added to a concentration of approximately 60 ug/ml. Following 
a 2 hr incubation at 37°C/5% CO r . 50 x 10 3 T cells were added 
to a total culture volume of 200 ul/well (final peptide concentration 
approximately 12.5 ug/ml). After 3 days. T cell proliferation was deter- 
mined with a [ 3 H]thymidme pulse (1 uCi/well) and liquid scintillation 
counting. 

For MHC restriction experiments, irradiated B cells were pulsed 
with peptide for 2 hr at 37°C, followed by extensive washing Peptide- 
pulsed B cells (25 x 10 J ) were cocultured with 50 x 10 3 T cells for 
3 days; T cell proliferation was determined with a pH]thymidme pulse 
(1 MCi/well) and liquid scintillation counting 
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